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ABSTRACT 


This  final  report  is  a  compilation  of  the  design,  fabrication  and  test  results  for  multiquantum  well  optical 
anq)lifiers,  stripe  and  square  broad  area  lasers,  mode  switched  optical  memory  elements,  optical  RS  flip 
flops,  NOR  gates,  photodetectors  and  dcousto-optic  switches.  All  of  these  laser  based  devices,  except  one 
of  the  amplifiers,  were  developed  in-house.  The  phenomenological  theory  of  laser  operation  is  discussed. 
The  processing  sequence  fw  the  devices  is  presented  with  data  on  the  F**  electrical  contacts.  Both 
commercial  and  in-house  optical  amplifiers  were  investigated  for  gain  and  threshold  current.  Stripe 
lasers  with  total  internal  reflection  minors  were  tested  for  emitted  power  versus  injected  current  (L-I 
curves).  Broad  area  lasers  with  both  Uniformly  Punq)ed  and  Gain  Guided  Arrayed  gain  sections  were 
tested  for  L-1  and  emission  spectra  as  a  function  of  the  voltage  applied  across  intracavity  saturable 
absorbers.  The  mode  switched  optical  memory  elements  were  designed  to  use  the  broad  area  lasers.  The 
optical  RS  flip  flops  have  two  quench  lasers,  a  main  laser  and  a  saturable  absorber  to  develop  the  bistable 
output  characteristics.  DtUa  is  presented  for  the  hysteresis  and  quenching.  Data  is  presented  for  an  optical 
NOR  gate  which  uses  three  heterostructure  lasm  with  total  internal  reflection  minors  and  operates  on  the 
principle  of  laser  quenching.  Some  memory  elements  and  logic  gates  require  integrated  photodetectors  to 
determine  the  logic  state  of  the  device;  therefore,  hetCTOstructure  photodetectors  are  discussed  in  terms  of 
parasitic  capacitance  and  the  photocurrent  response  versos  both  wavelength  and  intensity  of  the  optical 
excitation.  The  design  and  performance  of  an  acousto-optical  switch  is  also  presented. 
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L  INTRODUCTION 


The  field  of  optical  signal  processing^  has  existed  since  the  advent  of  the  first  Imses  but  its  potential 
advantages  have  never  been  fully  exploited.  An  optical  signal  processes  can  be  massively  parallel,  high 
speed,  immune  to  EMI,  small  and  inexpensive,  and  capable  of  direct  image  processing.  At  present,  several 
f(Mins  of  analog  optical  (vocessors  exist,  but  all  of  them  lack  the  precision  often  required  of  a  digital 
processor.  As  with  the  crmventional  elecbtmic  computers,  digital  optical  signal  processors  require  logic 
gates,  memory  elements,  input  /  output  devices  and  instruction  sets.  The  Photonics  Center  46(X)P30S 
Optical  Component  Development  and  Characterization  work  unit  was  specifically  established  to  develq> 
preliminary  logic  devices,  memory  elements,  waveguides  and  support  devices  necessary  to  realize  an 
optical  signal  processor. 

Since  the  early  1960s,  one  of  the  most  promising  types  of  logic  gates  and  memory  elements  have 
consisted  of  semiconductor  lasers.^  However,  high  laser  threshold  currents  and  the  lack  of  integration 
techniques  limited  the  usefulness  of  early  designs.  Recent  developments  in  the  epitaxial  growth 
techniques  for  quantum  well  heterostructures  and  the  processing  techniques  have  since  nrade  the  early 
designs  attractive  for  optical  signal  processing  purposes. 

Several  semiconductor,  laser  based  devices  have  been  developed.  After  carefully  examining  a  laser 
amplifier  from  BTD,  in-house-  lasers  were  designed  fabricated  and  tested.  The  amplifiers  had  angled 
etched  facets  without  an  AR  coating.  They  were  tested  for  gain,  threshold  current  as  a  function  of  facet 
angle  and  diffiaential  efficiency  as  a  function  of  facet  angle.  For  the  devices  tested,  the  threshold  current 
increased  with  facet  angle  and  the  gain  was  on  the  order  of  unity. 

A  new  single  element  broad  area  laser  (200  X  2(X)  pm  in  area)  has  been  designed,  fabricated  and  tested 
for  use  as  an  integrated  optical  memory  elenoent  or  logic  gate.  The  design  incorporates  two  intracavity 
saturable  absmbers  to  control  two  orthogonal  lasing  modes.  The  far  field  pattern  indicates  a  30  degree 
divergence  angle  in  the  horizontal  direction  with  fairly  uniform  emission  over  the  length  of  the  mirror 
facet  The  broad  area  laser  has  applications  as  an  integrated  mode  switched  optical  memory  element. 


The  RS  flip  flop  was  designed,  fabricated  and  tested  as  integrated  optical  memory  elemenL  The  flip 
flt^  has  three  GaAs-AlGaAs  heterostructiue  lasers  with  total  internal  reflection  mirrors.  A  main  User 
incorporates  a  saturable  absorber  to  develop  the  bistable  output  characteristics.  A  pump  laser  bleaches  the 
absorber  to  set  the  logic  1  state.  A  third  laser  quenches  the  main  laser  to  reset  the  device  to  logic  0.  The 
experiments  and  data  for  the  laser  quenching  and  bistability  are  presented  in  the  RS  FLIP  FLOP  chapter. 

Optical  NOR  gales  consisting  of  GaAs-AlGaAs  heterostructure  lasers  were  designed,  fabricated  and 
tested.  The  lasers  have  etched  ridge  waveguides  and  total  internal  reflection  mirrors.  Either  of  two 
quench  lasers  can  optically  quench  a  main  laser  to  achieve  the  NOR  operation.  Data  is  presented  for  the 
quench  phenomena  and  for  the  characteristics  of  the  emitted  optical  flux  versus  the  injected  current  for  the 
main  laser. 

Many  of  the  devices  developed  require  photodetectors  to  determine  the  output  logic  state; 
consequently,  photodetectors  were  integrated  onto  the  same  heterostiucture  as  the  otber  devices.  They 
were  tested  for  shunt  capacitance  and  pbotocurrrat  response  as  a  function  of  incident  light  intensity  and 
wavelength. 

Although  not  an  integrated  device,  an  acousto-optic  switch  was  developed.  A  HeNe  beam  is 
difflacted  from  an  acousto-optic  modulator  (Bragg  cell)  into  a  pin  pbotodetector.  The  pin  pbotocunent  is 
amplified  and  routed  back  into  the  Bragg  cell.  The  positive  feedback  induces  hysteresis  and  allows  the 
switch  to  latch. 

Many  of  the  following  ch^ters  are  condensations,  revisions  and  reprints  of  technical  memorandums, 
technical  reports  and  journal  articles  published  in  connection  with  the  46C)0P305  woik  unit.  The  chapters 
begin  with  a  discussion  of  semiconductor  laser  operatioo;  this  chapter  stresses  the  importance  of  optical 
loss  mechanisms  in  the  laser  cavity  for  determining  the  threshold  current  and  differential  efficiency.  The 
subsequent  chapter  details  the  fabrication  process  with  emphasis  on  waveguide  theory.  A  chapter  on  the 
F**  electrical  contacts  covers  more  of  the  fabrication  process  and  also  discusses  the  quality  of  the  P*' 
contacts.  Most  of  the  chapters  contain  additional  processing  related  steps  not  covered  in  the  chapto-  on 
fabricatioa  Next,  the  experimental  procedures  and  apparatus  are  discussed.  The  remainder  of  the 
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chapters  ate  concerned  with  the  following  topics:  a  commercial  laser  amplifier,  a  heterostructure  laser 
amplifier  with  angled  facets,  a  square  broad  area  laser,  mode  switched  optical  memory  elonents,  RS  flip 
flops,  NOR  gates,  {riiotodetectors  and  an  acousto-opdc  switch. 


n.  THE  IMPORTANCE  OF  OPTICAL  LOSS  FOR  THE  DIFFERENTIAL  EFFICIENCY  AND 
THE  threshold  CURRENT  IN  MULTIPLE  QUANTUM  WELL  LASERS 

This  chapter  stresses  the  impoitance  of  optical  losses  associated  with  the  laser  cavity  f(»  determining  the 

differential  efficiency  and  the  threshold  current  for  multiquantum  well  lasers.  Expressions  for  the 

difFoential  efficiency  and  threshold  cuirent  are  obtained  from  the  steady  state  solutions  of  the  basic  laser 

rate  equations.  As  examples,  plots  of  the  optical  power  as  a  function  of  the  injected  current  are  presented 

for  lasers  with  various  mirror  reflectivities. 

A.  INTRODUCTION 

A  set  of  coupled,  nonlinear,  difierential  equations  has  been  widely  used^'^  to  explain  the  transient  and 
steady  state  properties  of  semiconductor  lasers.  However,  the  importance  of  optical  losses  in  the  cavity  is 
sometimes  overiooked.  The  threshold  current  will  decrease  while  the  differential  efficiency  can  either 
increase  or  decrease  with  improving  mirror  quality  depending  on  the  relative  amounts  of  optical  loss  due  to 
the  mirror  transmissivity,  scattering  and  diffiaction.  This  technical  memo  develops  expressions  for  the 
differential  efficiency  and  threshold  current  from  steady  state  solutions  of  the  basic  laser  equations.  The 
expressions  are  compared  with  plots  of  the  experimentally  measured  emitted  optical  power  (L)  as  a 
function  of  the  laser  pump  current  (I)- 

B.  MODEL 

The  simplest  phenomenological  model  for  semiconductor  lasers  can  be  expressed  by  the  following  two 
equations:^*^ 

dn  'I  n 

=  -G(n)y  +  J  -  s n2  -  —  (2.1) 

^  =  G(n)Y  -  ^  +  |Jsn2  (2.2) 

The  quantity  n(t)  is  the  electron  density  (1/cm^).  The  hole  density  and  electron  density  are  the  same  in 
this  model,  y  (t)  is  tlw  photon  density  (1/cm^).  /  is  the  electron  pump  rate  which  is  approximately  related 
to  the  current  I  through  the  electronic  charge  e  atKl  the  volume  of  the  active  region  by  I  =  eV^J.  The 
parameter  s  is  the  coefficient  for  spontaneous  emission.  A  is  the  electron  recombination  lifetinte.  The 
cavity  lifetime  D  includes  the  effects  of  optical  losses  capable  of  being  modeled  through  the  use  of  time 
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constants  lij  such  that  1/D  =  £  (l/Dj).  The  confioeinent  hictor  ^  accounts  for  the  portion  of  the 
spontaneous  emission  which  couples  into  the  waveguide  and  stimulates  emission  at  the  lasing  wavelength. 

G(n)  in  equations  2.1  and  2.2  is  the  well  known  intrinsic  gain  for  stimulated  emission  and  stimulated 
absorption.  For  high  carrier  densities,  additional  injected  carriers  tend  to  fill  energy  levels  which  do  not 
contribute  to  the  gain  for  stimulated  emission.  Thus  the  differential  gain  (dG/dn)  must  decrease  with 
increasing  n.  G(n)  is  described  by 


(2.3) 


and  it  is  graphed  in  figure  2.1.  The  quantity  n^,  the  transparency  density,  is  the  value  of  the  electron 
density  for  which  the  gain  medium  becomes  transparent  and  the  intrinsic  gain  exactly  compensates  the 
intrinsic  losses.  The  saturation  density,  n^,  is  the  point  where  the  curve  rolls  over  and  passes  through  gJ2. 
The  gain  constant  gg  is  the  maximum  coupling  between  the  photons  and  carriers. 


The  function  G(n)  characterizes  the  gain  methum  — 
positive  values  correspond  to  gain  and  negative  values 
signify  absorption.  For  cavities  with  both  gain  and 
saturable  absorber  sections,  ttKxlels  include  equation  2.3 
to  predict  hysteresis  in  the  L-I  curves^’^  or  mode 
locking.^  Some  truxlels,  however,  approximate  the  gain 
G  with  an  equation  linear  in  n.  For  example,  gain- 
absorber  pairs  can  be  modeled  by  sqrproximating  G(n) 


Figure  2.1:  Intrinsic  Gain  versus  Carrier  Density 


with  a  line  tangent  to  G(n)  at  n  <  Og  for  the  saturable 


absorber  and  another  at  n  >  Og  for  the  gain  section.  The  linear  approximation  can  be  written  as 


G(n)  =  C|  n  -  C2 


(2.4) 


where,  for  the  approximation  at  ng,  C|  =  So  ^  <^2  ~  '^o  So  ^  '^s  ■ 
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Typically,  the  L-I  curves  are  obtained  from  semiconductor  lasers  which  are  pulsed  on  the  order  of  a 
few  tenths  microsecond  to  avoid  heating  problems.  However,  the  transient  response  of  the  laser  lasts  for  a 
period  of  time  on  the  order  of  several  time  constants  which  characterize  the  optical  cavity  -  a  few 
nanoseconds  at  most.  Thus,  on  the  time  scale  required  for  an  L-1  curve,  each  point  on  the  curve  represents 
the  steady  state  solution  for  the  photon  and  carrier  densities  at  a  fixed  value  of  injected  current  (dn/dt  s  0 
and  dydt  -  0).  The  spontaneous  emission  term  in  equation  2.2  is  primarily  responsible  for  initiating  laser 
oscillation  in  the  cavity;  however,  the  term  can  be  neglected  once  oscillation  commences.  As  a  result,  for 
cuirents  above  threshold,  equation  2.2  yields 

G(n')  =  ^  (2.5) 

where  n',  the  value  of  n  which  satisfies  equation  2.5,  is 

n’  =  f-'  T*  7  +  Uq  for  exact  G(n)  (2.6a) 

^  oo  *  * 

1 

C2+  D 

Q-  _  — - -  for  ^prox.  G(n)  (2.6b) 

‘'1 

Equation  2.5  shows  that,  independent  of  the  pump  current,  the  net  intrinsic  gain  above  thre  '.hold  just 
compensates  for  the  optical  losses,  desQribed  by  D,  and  that  the  value  of  n  is  "pinned"  to  n'.  If  the  value 
of  n(t)  should  momentarily  exceed  n'  then  (1)  dy^dt  in  equation  2.2  becomes  a  positive  number,  (2)  7(t) 
increases  in  equation  2.1,  (3)  dn/dt  becomes  negative  and  (4)  n(t)  is  returned  to  its  steady-state  value; 
similar  considerations  hold  for  a  momentary  drop  in  n(t).  Thus  equations  2. 1  and  2.2  have  a  feedback 
mechanism  for  n  built  into  them.  Also  note  that  a  decrease  in  the  optical  loss,  which  means  an  increase  in 
D,  leads  to  a  decrease  in  the  carrier  density  necessary  to  achieve  and  maintain  laser  oscillatien.  The  carrier 
density  tends  toward  the  transparency  density  as  the  optical  loss  is  reduced. 

The  differential  efficiency  (dL/dl)  and  threshold  current  can  be  obtained  from  equation  2.1  with  the 
results  of  equations  2.5  and  2.6  and  dn/dt  =  0.  With  these  substitutions,  equation  2. 1  becomes 

Y=D(J-Jthr)  (2.7) 
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where  the  differesiial  effidency  is  related  to  D,  the  threshold  cuirent  is  1(1,,  s  c^a^thr  ^  direshdd 
puinpiiig  rale  J,},,  is  givoi  by 


for  the  exact  G(n) 


for  the  aiqHox.  G(ii) 


(2.8a) 


(2.8b) 


Thus,  the  yfJ)  curve  is  linear  for  currents  larger  than  the  threshold  cunenL 

The  predicted  behavior  of  the  differential  efficiency  and  threshold  current  as  functions  of  the 
reflectivity  are  very  sensitive  to  the  functional  form  of  the  relation  between  the  mirror  reflectivity  and  the 
optical  loss  at  the  mirrors.  The  cavity  loss  term  in  the  laser  equations  becomes  nonlinear  for  the  exact 
relation  but  remains  simple  when  the  cavity  loss  term  involves  a  cavity  lifedme  constant  as  does  equation 
2.2.  The  relation  for  the  cavity  lifetiiiie  can  be  written  as  1/D  =  1/Dq,  l/D,  where  Dm»  the  mirrm  time 
constant,  is  the  portion  of  the  caviqr  lifetime  attributable  to  the  mirrors  and  D,  accounts  for  optical 
scattering  and  diffiactiotL  Relations  in  appendices  A  and  B  permit  rewriting  the  mirror  time  constant,  the 
photon  density  and  the  pump  rate  in  terms  of  the  mirrtx’  reflectivity  R ,  the  optical  flux  L  and  the  current  / 
respectively.  With  the  relation  betwem  J  and  I  and  rel,aions  2A1  and  2B1,  equations  2.7  can  be  written 
as: 


L  = 


.  c  1 
'"g  2eLc 


(l-R)Da-Ithr) 


(2.9) 


where  the  cavity  loigth  has  been  inserted  for  the  ratio  of  the  volume  of  the  active  region  to  the 
approximate  cross  sectional  area  of  the  beam  A|,,  L^V„/A|,,  and  the  differmtial  efficiency  is  given  by 


(2.10) 


7 


Similariy,  equation  2.8  can  be  rewritten  to  yield  the  threshold  current 


2 

Ithr  =  scVa^no  +  (“o  D^- 1  )  the  exact  G(n)  (2.11a) 


f  1  V  f  1 

C2  +  D  eV,  *=2  +  0 

Iftr  =  seV-  ■  +  “T*  - 

OW  Cl  j  A  V  Cl 


for  the  a^rox.  G(n)  (2. 11b) 


The  second  term  in  equations  2. 11  can  be  neglected  in  many  cases  of  interest 


The  optical  loss  of  the  cavity  determines  both  the 
differential  efficiency  and  the  threshold  current  As  3 

s 

previously  mentioned,  the  cavity  lifetime  can  be  ^ 
attributed  to  the  mirror  lifetime  D|q  and  to  those  other 
losses  which  can  be  expressed  by  the  lifetime  Df  such  ^ 


_ I  'R'V 


as  optical  scattering.  If  the  loss  term  D,  were  not  a  I _ I _ _L_J 

0  05  1 

present  in  the  expression  for  D  then  increasing  the  Reflectivity 

Figure  2,2:  Intensity  vs.  Reflet^vity.  Flux  inside  the 

minor  reflectivity  would  result  in  decreasing  threshold  “d  *he  flux  emitted  from  a  facet 

(bottom)  for  a  laser  with  only  mirror  losses. 

and  increasing  differential  gain.  This  bdiavim  can  be 

understood  as  follows.  Without  the  Df  loss  in  die  cavity,  the  photon  density  in  the  cavity  would  rapidly 
increase  widiout  bound  -  faster  than  (1-R)*^  as  the  reflectivity  increases  (top  curve  in  figure  2.2).  In 
fact,  at  a  fixed  current,  the  emitted  flux  would  increase  in  proportion  to  (1  -  R)  Dq  as  would  be  given  by 
equation  2. 10  (bottom  curve  in  figure  2.2).  With  the  additional  loss  Df  in  the  cavity,  the  rate  of  increase  of 
the  photon  density  in  the  cavity  will  eventually  be  limited  by  that  loss  as  the  mirrw  quality  imi»oves.  The 


increase  in  die  photon  density  in  the  cavity  will  be  slower 
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thao  (1*R)*^  and  die  onitied  flax  will  decrease.  Figure 
2.3  sbows  this  behavior  as  a  flunily  of  plots  of  (1*  R)D’ 
where  I/D'  s  1/D'q|  +  l/D'j.  and  the  primes  indicate  that 
the  Gsctor  (  /  Vg  )  has  been  factmnd  out  fix’ 

convenience  (fw  example,  Df=D‘JLfJ\g).  Thus  the 
differential  efflciency  depends  on  the  relative  amounts  of 


REPLECnVITY 


optical  loss  due  to  the  mirrors  and  D'^  For  values  of  D',  2J:  Piedkted  differential  Effkiency 

.  ...  R)D'  for  lasers  with  optical  loss  tiinc  constants 

new  0.3,  the  differential  efficiency  monotomcally  ,  .  _  ■  •  ^ 

^  ■'  attnbutable  to  mirror  transmissivity,  opdcal 

_ r _ , _ a  '.  Scattering  and  diffraction. 


decreases  for  reflectivities  larger  than  0.1  and,  for 

relatively  low  loss,  such  as  D'f  =  100,  the  differential  efficiency  rises  until  the  reflectivity  is  made  close  to 


The  threshold  current  is  primarily  determined  by 
the  optical  losses  as  shown  in  equadon  2. 11.  However, 
an  increase  in  the  reflectivity  of  the  mimxs  always 


leads  to  a  decrease  of  the  threshold  current  The  factor 


1/D  in  Equation  2.  lb,  for  exanqde,  is  graphed  in  figure 
2.4  after  renormalizing  D,  Djq  and  D^  by  (L(/Vg).  The 
threshold  current  can  never  be  made  lower  than  seVj^n. 
+  oVj^Iq/A  by  reducing  the  optical  loss.  The  first 
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Figure  2.4:  Threshold  Current  and  1/D'- 


term  is  related  to  the  efficiency  of  spontaneous  emission  to  start  the  stimulated  emission.  The  second  term 


is  the  current  necessary  to  replenish  the  carrier  population  as  it  is  being  reduced  by  recombination. 
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The  above  model  was  applied  to  lasers 
with  Total  Internally  Reflecting  (TIR) 
tniiron  (figure  2.3).^^^  The  lasers 
were  made  from  graded  index,  GaAs- 
AlGaAs  quantum  well  heterostructures 
with  3  wells;  they  were  about  83  x  10 


Aluminum  Comem  (n) 
0.5  0 


TRMiimr 


0.2Stuii  GaAt  p«ai0'’ 

l.Stun  AljC^  ,As  psSxld’ 
0.2um  Ali(G»i.»Ai  undoped 
5  et.  of  Al„  Gn  gj  As  80  A  ea. 
0.2tun  AlxG«i.nAi  undoped 
IJttm  AljC^  jAs  nsSxld’ 


pm  in  size.  The  mirrors  and  ridge  FlguwW:  Quantum  WeU  Laser  with  Total  IntemaUy  Reflecting  Minors 

waveguides  were  etched  in  a  Chemically  Assisted  Ion  Beam  Etcher  (CAIBE).  The  lasers  emitted  near  860 
tun.  The  quality  of  the  mirrors  varied  across  the  wafer  surface  and  three  of  them,  with  widely  varying 
reflectivities,  were  chosen  as  exaiiq)les. 


Typical  L-I  curves  appear  in  figure 
2.6.  These  curves  were  takoi  with  the  ^ 
experimental  setup  shown  in  the  inset  to  g 
figure  2.6.  The  pulse  generator  produced  E 
3  psec  wide  pulses,  separated  by  2  msec. 

The  pulse  itself  was  the  positive  portion  of  ' 
a  sine  wave.  The  voltage  was  ^pplied  to 


the  series  combination  of  the  main  laser 


CURRENT  huA) 

Figure  2.6:  Experimental  L-I  Curves.  The  inset  shows 
the  experimental  setup. 


and  a  30  Q  sampling  resistor  which  were  joined  at  the  bottom  N***  contact  This  resistor  yielded  a  voltage 
drop  proportional  to  the  current  through  the  laser.  A  single  mode  fiber,  with  one  end  positioned  next  to  a 
facet  of  the  main  laser,  routed  the  illumination  to  a  pin  photodiode  circuit  A  digital  oscilloscope  plotted 
the  pin  photodiode  signal  versus  the  signal  from  the  30  Q  resistor.  Threshtdd  currents  as  low  as  6  mA 
were  observed. 

The  L-I  curves  in  figure  2.6  exhibit  decreasing  differential  efficiency  and  decreasing  differential  gain 
for  increasing  mirror  reflectivity.  The  reflectivity  of  the  TIR  mirrors  exceeds  the  34%  'maximum  intrinsic 


reflectivity  of  cleaved  or  etched  mirrors.  In  the  range  of  interest  R  >  0.34,  the  predicted  differential 
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efficieocy  decreases  for  values  of  D,  less  than  about  2  as  shown  in  ^ure  2.3.  Thus  the  observed 
decreasing  differential  efficioicy  suggests  thitt  Df  has  a  value  of  about  2  or  less.  For  a  reflectivity  of  0.4, 
D'qi  is  about  unity  as  shown  by  die  top  curve  in  figure  2.2.  Thus  D'  has  the  value  of  2/3  which  scales  to 
0.8  picoseconds  when  the  fiu;tor  of  L^  /Vg  is  included.  The  values  used  in  equations  2.9  and  2.10  are 
L^sO.SS  ^nl,  Vg  s  0.8  x  10^^  cm/s  and  X  =  860  nm.  Equation  2.10  reduces  to 

DE  =1.7  (1-R)  D'  (both  minors)  (2. 12) 

where  the  factor  of  2  in  equation  2.10  was  removed  to  include  the  light  emitted  from  both  minors  and  D' 
has  the  units  of  Lc/Vg.  For  the  values  given,  the  differential  efficiency  is  about  0.7  mW/mA.  For  a 
differential  efficiency  on  the  order  of  0.1  mW/mA  as  for  the  bottom  L-1  curve  in  figure  2.6,  the  minor 
reflectivity  would  be  on  the  order  of  9S%. 

C  CONCLUSIONS 

The  optical  power  as  a  fiuictioo  of  the  injected  cunent  was  presented  for  multiquantum  well  lasers 
with  various  minor  reflectivities.  This  technical  memorandum  stressed  the  inqiortance  of  optical  losses  in 
the  cavity  for  determining  the  differential  efficiency  and  the  threshold  current  The  differential  equations 
for  the  model  and  the  conesponding  steady  state  solutions  were  presented.  The  results  show  that  both  the 
differential  efficiency  and  the  threshold  current  decrease  with  reflectivity  near  unity. 

The  predicted  behavior  of  the  differential  efficiency  and  threshold  current  as  functions  of  the 
reflectivity  are  very  sensitive  to  the  functional  form  of  the  relation  between  the  mirror  reflectivity  and  the 
optical  loss.  The  cavity  loss  term  in  the  laser  equations  becomes  &.valinear  for  the  exact  relation  but 
remains  simple  when  the  cavity  loss  term  involves  a  cavity  lifetime  constant  as  does  equation  2.2.  An 
tqqnoximation  to  die  reltfion  between  the  reflectivity  and  the  lifetime,  denoted  by  Dq|(R),  obtains  by 
calculating  the  energy  remaining  in  the  cavity  at  end  of  each  trip  of  the  energy  across  the  cavity;  this 
calculation  {daces  an  ln(l/R)  term  in  Dq|(R).  A  second  approximation  obtains  by  iqiplying  the  equation  of 
continuity  to  the  energy  in  the  cavity  and  the  optical  flux  through  the  mirrors;  the  same  results  can  be 
obtained  from  a  Taylor  series  6:q>ansion  for  die  ln(l/R)  term  in  the  first  approximation  fx  reflectivities 
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near  aiuty  (ln(l/R)  =  I'R  fw  R  s  1).  These  two  api»oxiiiiatioiis  bound  the  exaa  lelatioa.  As  the  miiror 
quality  improves,  the  first  ^>proxioiatioa  yidds  a  decreasing  threshold  current  and  either  an  increasing  or 
decreasing  differential  efficiency  dqioiding  on  the  rdative  magnitudes  of  the  loss  due  to  the  mirrors, 
scattering  and  diffraction.  The  second  approximation  results  in  a  differential  efficiency  and  threshold 
current  that  monotonically  decrease  throughout  the  range  of  R. 

The  two  approximate  rdatioas  for  Dq|(R)  can  be  compared  to  obtain  a  better  prediction  for  the 
differential  efficiency.  The  first  approximatioa  breaks  down  for  reflectivities  smallo'  than  about  0. 1  which 
explains  the  sharp  decrease  in  the  differential  efficiency  below  0.1  in  figure  2.3.  For  reflectivities  larger 
than  0.3S,  the  approximation  is  well  within  5%  and  improves  for  better  mirrors.  Thus,  the  diffdential 
efficiency  is  primarily  determined  by  the  relative  magnimdes  of  the  loss  attributable  to  the  mirrors,  optical 
scattering  and  diffiaction.  These  same  quantities,  along  with  the  current  to  achieve  transparency  and  the 
current  necessary  to  replace  carriers  loss  to  nonradiadve  recombination,  determine  the  threshold  current 
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DL  FABRICATION  OF  RIDGE  WAVEGUIDED  PHOTONIC  CIRCUITS  WITH 
CHEMICALLY  ASSISTED  ION  BEAM  ETCHING 

A.  INTRODUCTION 

DiscrelB  GaAs-AlGaAs  laser  diodes  have  already  ptovea  to  be  highly  useful  and  commercialiy  vi^le 
photonic  devices.  The  next  logical  step  in  the  evolutimi  of  this  family  of  devices  is  the  monolithic 
integration  of  photonic  devices  based  on  a  laser  diode  betetostructure.  The  standard  qitical  waveguide 
structure  used  to  confine  and  amplify  light  within  a  diode  laser  can  also  be  used  as  a  saturable  absorber^  ^ 
electro-<^c  modnlator^^,  detector^^,  and  pasave  waveguide^^.  Applications  range  from  Q  switched  and 
bistable  lasers  to  optical  switching  and  optical  logic.  This  paper  reviews  the  processing  techniques  used  to 
fabricate  laser  based  logic  devices  conqmsed  of  Chemically  Assisted  Ion  Beam  Etched  (CAIBE) 
waveguides  and  mitrors.^^^^  A  brief  discussion  of  principles  of  guiding  within  an  etched  ridge 
waveguide  will  precede  a  cburonology  of  the  proces^g  steps. 

B.  ETCHED  RIDGE  WAVEGUIDES 

In  order  fbr  .monolithicaUy  int^rated  optical  devices  to  function,  light  must  be  routed  to,  and  confined 
in  each  device  in  accordance  with  the  over  all  "photonic  circuit"  The  photonic  circuits  whose  fabrication 
is  described  in  this  chqMer  use  etched  ridge  wav^uides  for  both  of  these  requirements.  Etched  ridge 
waveguides  use  index  guiding  to  confine  light  in  the  vertical  direction  and  "strip  loading"  to  confine  light 
in  the  lateral  directiotL  In  both  cases,  light  is  confined  by  having,  at  some  distance  from  the  center  of  the 
waveguide,  a  purely  imaginary  phase  constant  in  the  direction  normal  to  the  direction  of  propagation.  By 
definitioo,  this  creates  an  exponential  decay  of  intensity  with  distance  from  the  center  of  the  guide.  This 
exponential  decay  is  the  result  of  light  traveling  in  phase,  along  the  boundary  between  a  region 
experiencing  a  high  index  of  refraction  (the  cote),  and  a  region  with  a  lower  index  of  refraction  (the 
cladding).  Since  the  wave  equation  for  light  dictates  that  the  square  of  the  magnitude  of  the  phase 
coristaitt  vector  for  light  traveling  in  a  given  matnial  equals  the  square  of  the  product  of  the  index  of 
refraction  and  die  free  space  propagation  constant, 

Bx2  +  By2  +  Bj2  =  (oko)2  (3.1) 
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it  follows  that,  in  ordR  for  light  traveling  in  both  the  core  and  cladding  to  be  constantly  in  phase  (B2,core  ~ 
^z.cladding)'  ^  phase  constants  in  the  directions  normal  to  propagation  must  be  real  in  the  higher  index 
core  and  imaginary  in  the  lower  index  cladding.  A  standard  laser  heterostnicture  confines  light  in  the 
vertical  direcfitm  in  this  manner  by  using  planar  q)itaxially  grown  layers  of  varying  index  of  refiaction. 
The  strip  loading  in  an  etched  ridge  laser  is  fcumed  by  etching  down  to  just  above  the  planar  cote  on  either 
side  of  the  waveguide.  This  i»oduces  the  equivalent  of  a  slight  lateral  index  drop  in  the  side  regions  by 
lowering  the  phase  constant  of  their  possible  vertical  nrades.  This  is  mote  desirable  than  etching  all  the 
way  through  the  core  because  the  smaller  index  drop  allows  for  wider,  and  therefore  easier  to  fabricate, 
single  mode  lasers. 

C.  PROCESSING 

The  laser  logic  devices  being  fabricated  requires  etched  regions  of  two  different  dq}ths;  a  deep  etch 
that  extends  wdl  into  the  lowtt  cladding  region  for  die  laser  mirrors,  and  a  shallow  etch  to  delineate  the 
waveguides.  In  order  to  create  an  effective  lateral  index  difference,  the  shallow  etch  should  be  within  100 
am  of  the  top  of  the  planar  waveguide  core.^^  Both  etch  depths  can  be  achieved  with  a  single  etch  by 
depositing  a  material  which  etches  slowly  in  the  CAIBE  over  the  shallow  etch  regions.  When  this 
nurtetial  is  totally  etched  away,  the  previously  uiKovered  deep  etch  regions  will  have  already  etched  down 
to  the  difference  between  the  two  etch  depths.  A  single  layer  of  Si02  can  be  used  as  both  the  etch 
retarding  layer  and  insulation  between  the  contact  pads  and  the  semictuiductor.  Chromium,  whose  etch 
rate  in  the  CAIBE  is  almost  negligible,  is  used  to  mask  region  which  require  no  etching.  These  regions 
correspond  to  the  regions  to  be  metallized,  namely  the  Ohmic  contacts  on  top  of  the  waveguides  and  the 
electrical  contact  pads.  For  this  reason  the  chromium  etch  mask  is  delineated  at  the  same  time  as  the  p- 
type  Ohmic  contact  metallization.  The  entire  process  requites  only  two  photolithogr^hic  mask  steps.  A 
chronology  of  the  design  and  processing  steps  are  as  follows: 
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1.  The  mask!  used  to  delineate  the  Si02  and  tbe  metallization  are  oat  on  a  CAD  system. 

2. .  The  photolithographic  masks  are  graaated  using  a  Mann  360F  Pattern  Generator. 

3.  The  laser  heieiostnictuie  wafns  (see  figure  3.1),  along  with  blank  GaAs  substrates  are  cleaned  and 
dried.  SiC)2  is  grown  on  the  wafers.  The  desired  thickness  of  the  Si02  is  determined  by  the  etch  rate  of 
both  Si02  and  GaAs  /  AlGaAs  in  the  CAIBE  by  the  following  equation: 

Tsi02  =  RsiC)2  <  D  /  RoaAs  >•  (3.2) 

where  Rsi02  ^  RGaAi?  ^  average  helerostiuctiire  etch  rate,  and  D  is  the  difference 

in  etch  depths. 

4.  I%otoresist  is  spun  on  and  the  first  mask  pattern  is  transferred  onto  the  wafers,  leaving  exposed  the 
areas  which  an  to  be  deep  etched  or  Ohmicly  contacted. 

5.  The  wafers  are  placed  in  a  reactive  ion  etcher  and  the  Si02  in  the  exposed  areas  is  etched  away,  using 
a  CHF3  plasma.  While  still  in  the  reactive  ion  etcher,  the  Photoresist  is  removed  with  an  oxygen  plasma 
(see  figure  3.2a). 

6.  In  order  to  improve  the  Ohmic  contact  a  shallow  Zn  difiusion  is  used  to  dope  the  contact  regions  F**. 
ZnAs3  is  used  to  form  a  Zn  vapor  source  during  an  open  ampule  diffusion,  lasting  9  minutes  at  650  °C. 
The  patterned  Si02  on  the  wafers  insure  that  only  the  areas  to  be  p-contacted  are  doped  P*.  Since  the 
diffusion  is  shallow  (about  300  nm),  the  Zn  diffusion  in  the  regions  to  be  deep  etched  is  without 
consequence  to  the  final  device. 

7.  After  the  diffusion,  a  new  layer  of  5214  photoresist  is  spun  on  the  wafers  and  the  metallization  pattern 
is  transferred  to  the  photoresist  Using  the  negative  reversal  process  fw  5214,  the  areas  to  be  metallized 
are  left  uncovered. 

8.  A  standard  GaAs  p-type  CHimic  contact  metallization,  followed  by  100  nm  of  chromium,  is  evaporated 
onto  the  sample.  The  pte-alloyed  Ohmic  ccmtact  metallization  consisted  of  20  run  of  titanium,  20  nm  of 
platinum,  and  200  nm  of  gold. 

9.  Soaking  in  acetone  lifts  off  the  metallization  in  the  regions  to  be  etched  (see  figure  3.2b). 
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10.  The  wafers  are  dry  etched  in  the  CAIBE,  with  blank  GaAs  substrates  being  used  for  calibration  nuts  to 
verify  etch  rales  (see  figure  3.2c). 


Flgnre  3  Cross  sections  and  top  views  of  two  intersecting  laser  cavities  during  progressive  stages  in 
fabrication:  (a)  After  the  patlmiing  of  the  Si02  etch  retarding  mask,  (b)  After  the  patterning  of  the  Ohmic 
contact  metallization  /  chrome  etch  mask,  and  (c)  after  etching  in  the  CAIBE. 

1 1.  Using  3  micron  Ai03  grit,  the  backs  of  the  wafers  ate  then  lapped  down  such  that  the  final  wafer 
thickness  is  sqiptoxiniately  ISO  microns. 

12.  The  sanities  ate  cleaned  and  dried.  A  standard  n-type  Ohmic  contact  metallization  is  eva^Kualed  on 
the  tucks  of  die  wafers  (10  nm  of  nickel,  40  nm  of  germanium,  80  run  of  gold,  SO  nm  of  silver,  and  80  nm 
of  gold). 

13.  The  wafers  ate  then  placed  in  an  alloying  oven  at  360  ^C  for  60  seconds  in  order  to  alloy  the  Ohmic 
contacts. 
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14.  The  wafen  are  now  leady  to  be  cleaved  aod  tested.  Even  with  etched  laser  tmnois,  cleaving  may  be 
retpiiied  in  order  to  access  the  optical  output  Figure  3.3  shows  a  «<^niiing  dectron  micrograph  of  a 
completed  device. 

Discussions  of  the  test  mediods  used  as  well  as  the  design  and  testing  of  specific  {dioUMiic  circuits  have 
been  published  separatdy.^^’^  ^ 


Figure  3.3  A  total  reflection  mirror  at  the  end  of  an  etched  ridge  waveguide,  as  seen  by  a  scanning  electron 
microscope.  The  unintentional  tree-like  structures  in  the  deeply  etched  region  do  not  effect  the 
performance  of  the  minor. 

D.  CONCLUSIONS 

Photonic  circuits  utilizing  etched  ridge  waveguides  in  conjunction  with  deep  etched  mirrors  can  be 
fabricated  in  a  sdf  aligned  process  which  av''ids  photolithography  on  previously  etched  substrates.  This  is 
accomplished  by  using  an  etch  retarding  mask  to  facilitate  two  etch  depths  during  a  single  tun  in  the 
CAIBE.  Since  the  contact  metallization  and  the  unetched  region  coincide,  only  two  photolithography 
masks  are  needed  for  this  process. 
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rv.  P+ ELECTRICAL  CONTACTS  ON  GaAs 


This  chapter  discusses  the  physics  and  «igiiieering  of  semiconductor  electrical  contacts  and  the  inqK>ftance 
of  low  resistance  Ohmic  contacts  for  the  best  performance  from  electronic  devices.  A  simple  method  is 
used  to  deduce  the  resistance  of  the  electrical  contacts  and  the  bulk  semiconductor.  The  fabrication  process 
for  F**  GaAs  contacts  is  discussed.  Test  results  ate  presented  for  the  resistance  of  the  metal  electrodes,  F** 
GaAs  bulk,  the  intrinsic  contact  resistance  and  the  temperature  dependence  of  the  metal  and  F**  GaAs.  The 
distrihuted  impedance  of  the  contact  structure  for  semiconductor  lasers  is  discussed. 

A.  INTRODUCTION 

Electrical  contacts  have  been  studied  since  the  middle  of  the  last  century. Since  the  late  1940's, 
industry  has  utilized  the  properties  of  electrical  contacts  to  realize  semiconductor  components  such  as  high 
speed  Schottky  diodes  and  integrated  electro-optic  circuits.  Electrical  contacts  are  the  most  basic  and,  at 
the  same  time,  one  of  the  most  important  parts  of  modem  integrated  circuitry. 

Electronic  and  electro-optic  devices,  which  do  not  requite  the  diode  properties  of  a  metal- 
semiconductor  interface,  ate  usually  given  Ohmic,  low  resistance  electrical  contacts;  without  this  type  of 
contact,  the  performance  of  the  device  would  be  linked  to  the  properties  of  the  contact  itself.  Ohmic 
electrical  contacts  have  linear  current-volume  (I-V)  characteristics  by  definition;  this  permits  the  device 
characteristics  to  be  observed  independently  of  the  contact  characteristics.  The  contacts  should  generally 
have  low  intrinsic  resistance  to  improve  the  performance  of  the  device.  Specifically,  lowered  contact 
resistance  increases  the  device  bandwidth  and  decreases  both  the  noise  figure  and  the  power  dissipation. 
Under  the  appropriate  conditions,  a  device  with  Ohmic  contacts  can  still  have  a  transient  response  which  is 
dominated  by  the  depletion  or  accumulation  region  at  the  metal-semiconductor  interface.^^'^ 

The  Ohmic  properties  of  the  contact  ate  a  result  of  thonmionic  field  emission  at  the  metal  - 
semiconductor  interface.^  ^  Thermionic  field  emission  occurs  at  the  metal  -  semiconductex'  interface  for 
narrow  or  small  energy  barrios  presented  by  boit  conduction  or  valence  bands;  the  width  of  these  barriers 
can  be  controlled  with  high  levels  of  doping.  Generally,  the  conditions  of  the  surfiue  of  a  semiconductor 
determine  the  shape  of  the  conduction  and  valence  bands  near  the  surface.  Surface  sUtfes  can  pin  the 
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Fermi  energy  level  in  the  semiconductor  to  a  given  value.  In  this  case,  the  wi(bh  and  height  of  the  barrier 
is  determined  by  the  relative  magnitudes  of  the  dmsity  of  states  at  the  surface  and  the  density  of  donor  or 
acceptor  states  in  the  bulk.  Metal  evaporated  onto  a  surface  with  a  high  number  of  surface  states  will  have 
little  affiKt  on  the  band  bending.  However,  the  width  and  height  of  the  barrier  in  a  semiconductor  with 
few  surface  states  is  directly  related  to  the  work  function  of  the  metal  evaporated  onto  the  surface.  The 
width  of  the  barrier  can  be  reduced  to  enhance  tunneling  (field  emission)  by  heavily  dicing  the 
semiconductw  near  the  surface.  Carriers  can  surmount  the  barriers  (thermionic  emission)  or  tunnel 
through  narrow  parts  of  it  at  higher  energies  by  absorbing  phonons  from  the  lattice.  Generally,  field 
emission  is  used  to  provide  Ohmic  contacts  but  thermionic  emission  has  been  used  in  recent  beterostructure 
materials  where  the  band  discontinuities  at  the  intofaces  have  been  lowered  by  band  gap  engineering.^^ 
Semiconductor  devices  such  as  PIN  photodiodes,  transistors  and  lasers,  have  diode-like  structures  and 
therefore  use  both  N*  and  F**  Ohmic  contacts.  The  type  of  contact  determines  the  processing  steps  and  the 
type  and  number  of  metals  evaporated  onto  the  wafer.  The  high  doping  levels  can  be  achieved  in  several 
ways.  The  dopants  can  be  placed  into  the  substrate  during  an  MBE  growth  phase,  they  can  be  diffused 
into  the  substrate  in  a  high  temperature  oven  or  they  can  be  included  as  a  layer  of  metal  and  then  diffused 
into  the  substrate  during  a  subsequent  alloying  step.  The  F**  contacts  on  GaAs  discussed  in  this  technical 
memorandum  use  the  second  method  with  zinc  as  the  dopant.  Consideration  must  be  given  to  the 
adhesive  properties  between  the  metal  and  the  substrate.  Some  metals  such  as  titanium  or  chrome  adhere 
better  than  others  and  ate  therefore  evaporated  onto  the  substrate  first.  The  first  layer  of  metal  on  GaAs 
for  F^  contacts  consists  of  titanium;  chrome  should  not  used  for  this  purpose  with  GaAs  since  it  produces 
deep  traps.  The  second  layer  consists  of  platinum  which  provides  a  diffusion  barrier  between  a  top  gold 
layer  and  the  GaAs  wafer.  An  N'  contact  has  a  top  layer  of  gold  to  getter  the  Ga  out  of  the  substrate  so 
that  Ge  from  one  of  the  metal  layers  can  substitute  at  the  resulting  vacant  lattice  sites  in  the  GaAs  to  serve 
as  a  dopant  The  gold  layer  on  the  F**  contacts  provides  a  highly  conductive  layer  so  that  the  metal  will 
have  the  lowest  possible  resistance  and  be  immune  to  corrosion.  After  the  metals  have  been  evaporated 
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onto  the  surface,  the  wafer  is  alloyed  to  diffuse  any  metal  dopants  into  the  substrate  and  to  activate  those 
dopants. 

The  remainder  of  this  technical  memorandum  discusses  the  basic  circuit  model  for  the  contact,  the 
fabrication  process,  the  experimental  data  and  the  author’s  interpretation  of  the  data.  An  appendix  contains 
a  distributed  irtqtedanoe  model  for  the  effective  resistance  of  an  electrode  structure  similar  to  that  used  for 
semiconductor  lasers. 

B.  BASIC  CIRCUIT  MODEL 

The  simplest  model  defines  a  contact  resistance  and  bulk  GaAs  resistance  The  contact 

resistance  occurs  at  the  MS  interface  as  a  result  of  the  energy  barrier  there.  The  resistance  of  a  metal 
electrode  Rq  becomes  important  when  it  is  comparable  in  value  with  the  resistance  of  the  bulk 
semiconductor.  As  is  well  known,  Schottky  barriers  have  both  resistive  and  reactive  components;  thus,  for 
the  general  case,  the  response  of  the  electrical  contact  depends  on  the  frequency  content  of  the  drive  signal. 
For  low  frequency  woric,  the  reactive  component  of  the  contact  is  negligible.  The  inset  to  figure  4. 1  shows 
the  low  frequency  model. 

The  values  of  the  contact  and  bulk 
resistance  can  be  determined  by  use  of 
an  appropriate  test  structure.  One  of  the 
simplest  geometries  consist  of  a  series  of 
metal  electrodes  evaporated  onto  the 
GaAs.  In  one  case,  the  electrodes  are 
placed  at  regular  intervals  along  the 
length  of  the  GaAs  wafin’.  In  another 
case,  the  distance  separating  two 
adjacent  electrodes  D:  changes  along  the 

Figure  4.1:  The  expected  plot  of  resistance  between  two  metal 

length  of  the  wafer.  For  either  case,  electrodes  as  a  function  of  separation  between  the  pads.  The  intercept 

of  the  straight  line  with  the  resistance  axis  yields  2R^  and  the  slope  of 

assuming  that  the  contacts  are  uniformly  line  yields  the  bulk  resistance.  The  inset  shows  the  low  frequency 

model  The  electrodes  are  spaced  by  D=id  where  i  is  an  integer. 


DISTANCED 
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Mxicaled  aciots  the  suifitce  of  the  sample,  the  plot  of  the  total  leststanoe  R  as  a  functioa  of  the  sepvatkn 
distance  D  is  a  straight  line.  The  t<Mal  resistance  between  the  pads  is  defined  by 

R  =  2Rc+7Rb  (4.1) 

where  D  is  the  distance  separating  two  adjacent  electrodes,  d  is  the  smallest  such  distance  for  a  given 
contact  geometry  and  R5  is  the  bulk  resistance  corresponding  to  the  distance  d.  The  intercept  of  the  line 
with  the  resistance  axis  is  2R(.  and  the  slope  is  R^/d.  The  space  charge  region  can  give  rise  to 
photocunents  when  illuminated  which  can  be  modeled  by  a  current  source  in  parallel  with  the  contact 
impedance.  In  addition,  the  GaAs  can  exlubit  a  ph<Moconductive  response.  Photocunents  origirtating  in 
the  space  charge  region  produce  a  non-linearity  in  the  I-V  curves  at  low  applied  voltages  if  they  are  not 
specifically  taken  into  account  The  photoconductive  response  changes  the  slope  of  the  I-V  curves.  The 
experiments  reported  here  were  performed  in  the  dark  and  the  photocurrents  were  determined  to  be 
negligible. 

The  dectrical  contact  can  be  represented  accurately  as  a  transmission  line.^^  Such  an  approach 
models  the  resistance  and  capacitance  as  a  distributed  in^iedance.  Generally,  the  metallization  is  assumed 
to  have  negligible  resistance  for  the  calculations.  A  distributed  impedance  ooodd  can  also  be  used  to 
explain  results  obtained  from  certain  dectrode  geometries  as  discussed  in  the  appendix.  Single  mode 
semiconductor  lasers  generally  have  long,  narrow  electrodes  on  one  side  of  the  wafer  and  a  large  area,  low 
resistance  electrode  on  die  other  side  wMch  carrin  the  current  common  to  all  of  die  devices  on  the  wafer. 
The  narrow  electrodes  can  have  resistance  on  the  same  order  of  magnitude  as  the  laser.  The  voltage  drop 
along  these  narrow  dectrodes  can  be  significant  at  high  currents  and,  as  demonstrated  in  die  appendix,  this 
voltage  drop  is  nonlinear  with  distance  along  the  dectrode.  Such  a  voltage  dtt^  would  result  in  uneven 
punqiing  of  a  laser  cavity.  Thus,  the  distributed  impedance  of  the  contact,  the  metal  and  the 
semiconductor  are  impcntant  to  the  operation  of  semiconductor  lasers,  laser  amplifiers  and  laser  based 
optical  logic  gates. 
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C.  FABRICATION 


The  contacts  were  fabricated  on  an  n-type  GaAs  wafer  so  that  each  doped  region,  a  resistive 
element,  can  be  positioned  in  the  potential  well  of  a  reversed  biased  diode.  During  the  test  phase,  the 
current  flow  is  confined  to  a  narrow  channel  betweoi  the  pads  by  reverse  biasing  the  contact  structure  with 
respect  to  the  substrate.  However,  with  suffickotly  high  doping  levels,  leakage  current  from  the  doped 
region  to  the  substrate  is  generally  negligible.  The  following  outlines  the  falsication  process  used  to 
produce  the  contact  structures  for  this  study. 

(1)  The  wafer  surfaces  were  cleaned  with  a  camel  hair  brush  and  liquid  Ivory  dish  soap  and  rinsed  in  DI 
water.  The  wafer  was  dipped  in  Acetone,  Methanol,  Isoproponal  and  DI  water  to  remove  grease,  and 
residues  from  the  surface.  A  solution  of  Ammonium  Hydroxide  and  DI  water,  in  the  ratio  of  1:15,  was 
used  to  remove  organics  from  the  surface  and  to  perform  a  slight  etch  on  the  surface  oxides. 

(2)  A  1500  angstrom  thick  layer  of  Si02  was  deposited  over  the  wafer  surface  in  a  Plasma  Enhanced 
Chemical  Vapor  Deposition  (PECVD)  system  at  250  °C  to  provide  (i)  a  diffusion  mask  for  the  subsequent 
processing  step  and  (ii)  electrical  isolation  for  die  finished  device.  The  glass  layer  was  patterned  in  a 
Reactive  Ion  Etcher  (RIE)  with  CHF3  gas;  the  mask  for  this  process  consisted  of  a  pattoned  Shipley  1400- 
27  photoresist  layer.  After  patterning  the  Si02  layer,  an  oxygen  plasma  was  used  to  remove  the  remaining 
photoresist 

(3)  Regions  of  the  n-type  GaAs,  as  defined  by  the  openings  in  the  Si02,  were  doped  p-type  by  a  Zinc 
diffusion  process.  The  Zinc  was  diffused  to  a  depth  of  0.7  (un  during  a  1/2  hour  bake  at  650  in  a 
diffusion  oven. 

(4)  The  metal  electrodes  were  defined  by  METAL 

photolithogrrqrhy.  The  metsd  was  evaporated  in  an 
electron  beam  evaporator  and  then  a  lift  off  process 
produced  the  desired  electrode  pattern.  A  standard  of  ^  electrodes, 

photoresist  lift  off  process  was  unsuitable  for  use  with 

the  available  electron  beam  evaporator.  Heat  transferred  from  die  evaporated  metal  to  the  photoresist 
would  have  hardened  the  photoresist  and  made  it  difficult  to  remove.  Instead,  a  One  Step  Two  Level  Etch 
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process  was  used.^^  Layen  of  polyimide  and  Si02  wen  deposited  across  the  surftce.  The  first  layer, 
polyinude,  was  spun  on  at  SK  RI^  baked  at  80  ^  for  30  minutes  and  then  baked  at  ISO  for  an 
additional  30  minutes  as  per  the  manufiactun's  specifications.  Next,  a  glass  layer  was  dq>osited  to  a 
thickness  of  800  angstroms  in  the  PECVD  system  at  a  tempoature  of  ISO  the  Iowct  deposition 
temperature  prevented  the  polyimide  from  becoming  impervious  to  solvents.  A  patterned  photoresist  layer 
was  used  as  an  etch  mask  for  the  glass  which  was  etched  in  CHF3  in  the  RIE.  The  patterned  glass  lay» 
served  as  the  etch  ma-A  for  the  polyimide.  An  oxygen  plasma  etched  the  polyimide  and  the  remaining 
photoresist  After  the  metal  was  evaporated  across  the  walin'  surface,  the  wafer  was  dipped  into  methylene 
chloride  which  caused  the  polyimide  to  lift  off  both  the  glass  and  the  unwanted  metal. 

(5)  The  metal  layer  consisted  of  three  metals.  A  1500  angstrom  Au  layer  was  dqwsited  on  top  of  a  200 
angstrom  Pt  layer  which  was  on  top  of  a  200  angstrom  layer  of  Ti.  Later,  the  metal  contacts  were  alloyed 
at  360  %  for  3  minutes  in  a  hydrogen  atmosphne.  The  basic  electrode  structure  ajqwars  in  figure  4.2. 

The  geometry  of  the  contacts  appears  in  figure  4.3.  The  nomenclature  is  as  follows.  The  resistive 
element  between  the  pads  is  either  Metal  Af  or  F**  GaAs  G.  The  length  of  the  resistive  elements  is  dtber 
fixed  or  Variable  V  across  the  wafer.  In  the  case  of  a  fixed  length,  the  last  several  digits  in  the  structure 
name  represents  the  distance  in  microns.  In  the  variable  cases,  the  last  two  digits  give  the  minimum 
separation  in  microns.  The  column  Dj  gives  the  lengdi  of  the  resistive  elements  in  units  of  microns  for 
each  integer  i.  The  figure  contains  the  dimensions  of  the  pads  and  the  amount  of  overlap  of  the  pad  aixl 
the  GaAs  resistive  elements. 
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Figure  4J:  The  geometry  of  the  contacts  fabricated  to  determine  contact  resistance.  The  distances  D|  are  in  microns 
where  i  is  an  integer.  The  top  set,  MVSO,  has  metal  for  the  resistive  element  and  a  variable  distance  separating  the 
pads.  The  remaining  sets  have  F**  GaAs  as  the  resistive  elements  between  the  pads.  The  bottom  set  is  the  laser-like 
structure  discussed  in  the  text  in  conjunction  with  distributed  impedance. 


D.  EXPERIMENTAL 

The  resistances  were  determined  with 
Keithley  digital  multimeters  by  measuring  both 
the  voltage  applied  to  the  contact  structure  and 
the  resulting  current;  for  low  current  levels,  a 
low  noise  current  amplifier  was  added  to  the 
experimental  setup.  The  I-V  curves  were 
determiiMd  for  6  decades  of  current  with  this 
artangement  Tungsten  and  copper  probe  tips 


01  1  10  100  1000  10000 
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Figure  4.4;  Typical  plot  of  current  versus  voltage  for  the 
contact  structures.  The  above  graph  has  the  characteristics  for 
the  MVSO  structure.  The  probe  resistance  of  0.3S6  f2  has  not 
been  factored  out  of  the  data. 


were  used  to  provide  the  iMas  to  the  pads.  The 

copper  probes  were  made  from  solid  telephone  wire  with  the  tips  polished  to  diameters  on  the  order  of  10 
jiriL  The  resistance  of  the  probe  tips  was  determined  to  be  0. 178  Q/tip  by  placing  both  tips  close  together 
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oa  a  ta^  base  meid  pid  ud  ilien  meawging  die  I-V  characteristics.  The  setqi  sppeKs  in  the  inset  to 
figure  4.4. 

hfeasnreineias  were  made  of  (1)  die  I  •  V  (00| - 1 - , - 

chanderistics,  (2)  the  resistaiice  as  a  fhocdoa  of  I — L  J - , 

the  distanoe  between  the  pads  for  a  constant  8  -  X  T 

entrant  and  (3)  the  temperature  dependence  of  H 

the'  resistaoce  for  metal  and  the  doped  GaAs.  g  B  GLUX)  ~ 

Typical  I-V  and  R-D  plots  appear  in  figures  4.4  ^ 

and  4.5.  For  the  R-D  plots,  the  cuirent  was  held  0  ^ - ‘ - ' - 

DISTANCE  (UM) 

constant  The  R-D  plots  generally  beccmie 


nonlinem  for  large  separadon  distances  due  to  Typicri  plon  of  resistance  vs.  distance  for  the  GJ 

and  GLIOO  contact  stroctmes.  The  current  was  maintained  at 

variations  in  processing  across  the  surfoce  of  the 

wafer.  Measurements  were  made  on  the  GLIOO  contact  structure  to  determine  the  ratio  AV/Vg,  the  ratio 
of  the  voltage  drop  along  the  85  |im  length  of  metal  versos  the  voltage  applied  to  the  two  dectrodes.  Both 
alloyed  and  unalloyed  contact  structures  were  tested.  The  tests  indicated  that  (1)  the  metal  bad  a  ratio  of 
resistivity  to  thkkiiess  of  p  /  T  s  1,6  Q  /  □  indqiendent  of  the  aUoying,  (2)  the  G85  style  contacts  had  a 
resistance  R^.  s  1  Q  (or  4  Q/Q)  after  alloying  and  a  negative  value  before  alloying,  and  (3>  the  GLIOO 
contacts  had  a  resistanoe  of  8  Q  (  or  120  G/Q  ).  ind^ndent  of  alloying,  and  values  for  AV  /  Vg  of  17% 
and  10%  for  type  1  structures  with  an  dectrode  separatioo  distanoe  of  Dj  =  1(X)  pm  and  type  2  structures 
with  an  dectrode  squustion  distance  of  Di-t-D2  =  200  pm,  lespectivdy.  Tests  on  the  G85  style  contacts 
further  indkated  a  vdue  of  29  Q/Q  for  the  bulk  material.  In  all  cases,  the  codacts  were  found  to  be 
(3imuc  in  the  range  of  1  pA  to  50  mA.  The  metal  resistance  was  expected  to  dtq>  by  about  an  order  of 
magnitude  after  afloying  but  it  did  not  do  so. 

Table  4.1  contains  a  summary  of  the  resistances  obtained  from  the  contact  structures.  The  ratio  p/T  is 
generally  in  the  range  of  30  fw  the  doped  GaAs.  The  contact  resisumce  depends  on  the  amount  of  overlap 


between  the  metal  pad  and  the  GaAs.  Note  the  large  value  of  the  conb^  resistance  for  the  GLIOO 
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stittctuie.  Most  of  diis  resistance  is  attributable  to  the  resistance  of  the  metal  in  tbe  narrow  metal 
ekctrode.  The  effective  resistance  R^ff  is  related  to  tbe  contact  and  bulk  resistance  by  R^ff  =  2R^  +  Rf,. 
Tbe  GLIOO  structure  has  two  values  for  which  corre^MMid  to  two  distent  distances  sqMiating  tbe 
pads.  The  larger  distance  conesponds  to  tbe  situadoo  where  an  dectrode  lies  between  the  two  current 
carrying  electrodes. 


TABLE  OF  RESISTANCES 


TYPE 

Rh 

R. 

R*.ff 

MV50 

1.6 

0 

GVIO 

3.16 

26.7  00 

3.2 

13.600 

9.56 

GV50 

20.1 

34.100 

-0.9 

G85 

29.0 

29  OO 

I 

4  OO 

31 

GLIOO 

32.2 

27.4  00 

8 

120  OO 

50 /loop  81.5  /  200p 

TABLE  4.1:  Summary  of  resistances  obtained  bom  tbe  R-D  graphs.  The  bulk  resistance  R],  and  contact  resistance 
Rf  are  listed  in  Ohms  and  as  the  ratio  of  resistivity  to  thickness,  p/T.  Tbe  bulk  resistance  in  Ohms  refers  to  the 
resistance  of  the  GaAs  for  the  minimum  separation  between  the  electrodes.  GLIOO  has  two  values  for  R^ff 
corresponding  to  pad  separations  of  100  and  200  |im. 


The  resistance  of  metals  and  highly  doped 
semiconductors  increase  with  temperature.  For  these 
materials,  there  are  several  contributions  to  tbe  resistance 
which  includes  electron  and  hole  scattering  from  lattice 
defects  and  phonons.  Phonon  scattering  is  tbe  most 
inqmrtant  mechanism  for  the  temperature  dependence  of 
tbe  resistivity.  As  temperature  increases,  the  number  of 
phonons  increases  and,  therefore,  the  mean  free  path  of 
the  electrons  and  holes  decreases.  As  a  result,  tbe 
resistance  of  metals  and  hi^y  doped  semiconductocs 


Fifore  4A:  Temperature  dependence  of  the 

resistance  for  the  metal  used  in  tbe  contact 
structures.  The  length  of  the  metal  was  250  pm  and 
the  cross  section  area  was  2  x  10  pm^.  The 
resistivity  p  has  units  of  Q-pm. 


increase  with  temperature.  This  contrasts  with  intrinsic  semiconductors  where  tbe 


resistivity  decreases  with  temperature  as  predicted  by  tbe  temperature  dependence  of  the  Fermi  function. 

Tbe  metal  (vF**  GaAs  can  be  used  to  soise  the  junction  temperature  of  semiconductor  lasers.  For  this 
reason,  tbe  variation  of  die  metal  and  F**  GaAs  resistance  with  temperature  was  determined.  The  wafer 
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with  the  CQoact  stractues  was  mounted  on  a  hot  pbie  to 
provide  control  over  the  tempenture  of  die  wafer. 

Figmes  4.6  and  4.7  show  the  results.  Over  a  range  of 
tqiproxiinaldy  40  °C,  the  tesistaoce  of  the  metal  varied 
by  several  Ohms  while  that  for  the  GaAs  varied  by 
approximaldy  30  Q.  The  inset  to  the  graphs  contain  the 
tenqieramre  dependence  of  the  resistivity  p  in  units  of  Q- 
pm  as  calculated  from  the  resistance  and  sample  size. 

The  calculation  for  the  resistivity  of  the  GaAs  used 
the  zinc  diffusion  depth  of  0.7  pm  for  the  thickness. 

E.  DISCUSSION 

The  Table  of  Resistaoces  contains  several  anomalies.  The  experimentally  determined  resistance 
of  the  metal  is  an  order  of  magnitude  larger  than  the  value  calculated  from  the  thickness  and  conductivity 
of  the  layen.  The  contact  resistanoe  of  the  GV8S  style  contacts  changed  from  negative  to  positive  values 
after  alloying.  The  contact  resistance  was  high  for  the  GLIOO  style.  The  experimental  values  of  AV/Vq 
dififer  by  13%  from  those  predicted  by  the  distributed  impedance  models  discussed  in  the  aiqpendix. 

The  anomalies  can  be  explained  as  follows.  The  discrepancy  between  the  observed  and  predicted 
values  of  the  metal  resistivity  might  be  partially  attributed  to  thin  film  effects  and  to  the  fact  that  probes 
tend  to  destroy  the  electrical  pads  during  testing.  The  change  from  negative  to  positive  values  for  the 
contact  resistance  for  the  G8S  style  contacts  upon  alloying  can  be  attributed  to  changes  in  the  stochiometry 
and  structure  of  the  metal-semiconductor  interface.  The  experimentally  determined  values  for  the  contact 
resistanoe  are  quite  sensitive  to  any  curvature  in  die  R-D  curves  which  mi^t  account  for  the  negative 
values  iqKXted  for  the  contact  resistance  of  the  GVSO  style.  The  high  resistance  for  the  GLIOO  contacts 
is  due  to  (1)  the  fact  that  the  extrapolation  inocedure  extracts  and  R(,  as  if  the  total  distributed 
inqiedaDoe  could  be  written  as  2Rf;  +  R5  instead  of  die  nonlinear  e^essions  obtained  in  the  appendix  and 
to  (2)  the  large  valire  for  the  resistance  of  the  metal. 


ngare  4.7:  Tempetatute  dependence  the 
resistance  for  the  GaAs  used  in  the  contact 
stnictnies.  The  length  the  GaAs  was  700  pm  and 
the  cross  section  area  was  0.7  x  83  pm^.  The 
resistivity  p  has  units  of  Q-pm. 
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The  distributed  unpedaoce  model  discussed  in  the  ^>pendix  provides  some  insight  into  the  behavior  of 
the  GLIOO  electrode  structure.  The  set  consists  of  two  basic  types  as  shown  in  figure  Al.  Adjacent 
electrodes  in  the  GLIOO  set  ate  type  1.  Two  electrodes  in  the  set  which  ate  separated  by  a  third  decttode 
are  the  type  2.  Electrodes  mast  be  nwt^l«vi  as  distributed  impedances  when  the  tesisumce  of  the  metal 
electrodes  is  close  to  that  of  the  semiconductor.  For  the  GLIOO  set,  the  resistance  of  the  metal  electrode 
along  the  direction  of  current  flow  is  cakulaled  from  table  4.1  to  be  Rm  =  27  Q.  The  G8S  value  for  Rb, 
for  example,  yields  the  value  Rg  s  34  Q  for  the  resistance  of  100  pm  of  the  GaAs.  The  model  predicts 
AV/Vq  to  be  26%  and  1S%  for  100  and  200  pm  respectively.  These  values  disagree  with  the  experimental 
values  by  about  1S%  in  both  cases. 

The  discrepancy  between  the  experimental  and  calculated  values  of  AV/Vg  can  be  attributed  to  several 
sources  including  a  variation  in  the  processing  parameters  across  the  wafer  surface  and,  in  particular,  to  the 
deviation  of  the  actual  path  of  current  flow  in  the  structure  fiom  that  assumed  in  the  model.  The  model 
assumes  that  the  current  flows  in  a  straight  line  perpendicular  to  the  inetal  dectrodes.  For  the  type  1 
structure,  for  example,  the  actual  path  will  be  diagotul  across  the  wafer  if  the  potential  difference  for  a 
diagonal  path  adequately  compensates  fiir  the  increased  resistance  along  that  path.  The  difference  in 
values  can  be  partially  attributed  to  the  fact  that  the  metal  electrodes  have  slightly  larger  resistances  than 
the  quoted  27  Q  due  to  an  addidonal  10  to  20  pm  of  metal  added  to  the  electrode  for  placement  of  the 
probes. 

The  values  in  table  4.1  can  be  used  to  arrive  at  an  approximate  doping  level  for  the  material.  Given 
that  the  doping  extends  to  a  depth  of  T  =  0.7  pm,  plots  of  resistivity  vosus  deling,  such  as  in  Sze's  book^^ 
yidd,  a  dofung  levd  on  the  tnder  of  10^^.  This  number  is  consistent  with  other  measumnents  made  in 
the  lab. 

F.  SUMMARY  AND  CONCLUSIONS 

This  technical  memorandum  has  briefly  discussed  the  physics  of  semiconductor  electrical  contacts  and 
the  importance  of  low  resistance  Ohmic  contacts  for  proper  device  performance.  A  simple  method  was 
presented  for  deducing  the  resistance  of  the  electrical  contacts  and  the  bulk  GaAs  semiconductor.  The 
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CibEicatioa  of  sevctal  contact  stnictiues  wat  discasted.  The  stnictaies  were  tested  for  the  resistance  of  the 
metal  and  F**  GaAs,  the  contact  lesUtance  and  the  teoqKtatufe  depeadmce  of  the  resistance  of  the  metal 
and  P**  GaAs.  The  appmidix  to  this  technical  memorandum  discusses  the  distributed  resistance  of  the 
GLIOO  contact  structure. 

The  contact  study  has  uBfKKtant  implications  for  laser-based  logic  gales,  optical  am{ditos  and 
electrically  pumped  optical  waveguides  which  use  similar  contact  structures.  For  a  resistive  ccmtact, 
current  injected  into  one  end  of  the  contact  will  not  evenly  distribute  almg  the  length  of  these  devices  and, 
as  a  result,  the  devices  will  not  not  be  unifomily  pumped.  For  the  laser-based  logic  gates,  the  interaction 
between  adjacent  lasers  will  depend  on  the  relative  positions  of  the  two  devices  in  the  integrated  circuit 
The  gain  of  the  laser  amplifier  which  employs  these  contacts  will  be  largest  near  the  end  where  the  current 
is  injected.  It  is  possible  for  the  gain  to  vary  in  such  a  way  that  the  amplifier  or  laser  is  both  above  and 
below  transparency  or  threshold  along  the  length  of  the  device. 
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V.  APPARATUS  FOR  THE  ANALYSIS  OF  OPTICAL  LOGIC  GATES  AND  COMPONENTS 
This  chapter  is  a  compilation  of  selected  analysis  techniques.  devdi<^>ed  during  the  past  two  years,  for 
chwacterizing  optical  logic  gates  and  their  component  parts.  It  discusses  the  testing  of  these  elements  from 
the  initial  i»obe  station  setup  to  the  specific  test  setups.  Coverage  includes  optical/electrical  probing 
techniques,  device  preparaticMis,  and  equipment  configurations  for  current  vs.  voltage  (I-V)  characteristics, 
emitted  light  vs.  injected  cuirent  (L-I)  characteristics,  hysteresis,  Lissajous  effects,  and  quenching. 

A.  INTRODUCTION 

The  primary  tarics  of  the  Device  Engineering  Group  at  Rome  Laboratory’s  Photonics  Center  are  to 
design,  fabricate  and  evaluate  deyices  which  show  promise  in  future  digital  optical  computing  schemes. 
The  optical  logic  gates,  fabricated  at  Cornell  University's  National  Nanofabrication  Facility,  are  cleaved, 
mounted,  and  evaluated  at  the  Photonics  Center.  The  devices  under  smdy  include  lasers,  optical  amplifiers, 
optical  NOR  gates,  (^dcal  RS  flip  flops  and  optical  memcMy  elements.  Typically,  each  element  emits 
and/or  absorbs  light  at  approximately  850  nna.  Characterization  of  these  devices  requires  a  number  of 
different  setups  easily  modifiable  to  the  particular  Device  Under  Test  (DUT).  First,  the  DUT  must  be 
optically  and  electrically  probed,  and  then  the  equipment  can  be  configured  to  measure  basic  properties 
such  as  current  versus  voltage  (I-V)  curves,  emitted  optical  power  venus  drive  current  (L-I)  curves, 
hysteresis,  and  quenching. 

This  chapter  first  discusses  the  probe  station  and  equipment  needed  to  input  and  extract  the  pertinent 
signals.  The  "Signals:  Source  and  Measurement"  section  covets  the  general  system  setup,  specific  test 
configurations,  and  some  of  the  customized  source  and  measurement  aides  used  with  the  systettL  The 
"Experimental  Results"  section  {xesents  some  tj^ical  data  plots.  Finally,  some  general  conclusions  about 
the  system  as  a  whole  and  possible  future  additions  are  made. 

B.  OPTICAL/ELECTRICAL  PROBE  STATION  AND  PERIPHERALS 

The  Electro-Optic  Probe  Station  (Figure  5.1)  serves  as  the  signal  pickup  point  in  the  test  system  This 
unit  supplies  the  device  with  the  required  drive  currents  and/or  source  signals  and  probes  the  device  for  its 
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pvticolar  optical  and  etectrooic  propetties.  The  statkn  most  also  support  die  DUT  and  provide  it  with  a 
stable  eaviroomeiit  to  accontely  retrieve  the  signals  of  interest 


Fifar*  S.1:  Electro-Optic  Probe  Station 


The  ham  of  Ms  probe  sialioii  is  a  Cambridge  Instruments  MicroZoom  II  microscope  with  up  to 
3Q0QK  aad  2  cro  woridm  tiifioe.  Included  in  the  microscope  system  is  a  CCD  camera  and  monitor  to 
abronv  dm  weihiafaroB  without  having  to  look  throu^tbe  microscope.  Tbe  microscope  is  mounted  on  a 
lap  X>Y  hanriaiaa  ants  and  a  Ihboiatoty  jacL  This  gives  tbe  microscope  X-Y-Z  translation  and  allows 
Ttaaldi  dMhnaal  pans  of  dw  DUT  witboot  having  to  remove  tbe  probes  ooct  they  ate  placed.  The 
dWisaa  aro  alaeakaly  rosauasd  on  copper  biodts  which  ate  screw  mounted  to  a  cooling  plate  and  cooled 
by  a  MBLAD IITE-1 10  haportioiial  Temperanire  Controller.  The  devices  have  X-Y  translation,  two-axis 
dk.  and  roiaion  fSar  paopar  poHtkNiing.  Electrical  probing  is  accomplished  using  Alessi  high-frequency 
and  DC  paabas  aioanlsd  on  X-Y-Z  transladoo  stages.  Tbe  input  optical  probe  is  a  firee-space  beam  from  an 
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Argon  Ioa/Ti:Sapirfuie  combination  (not  shown).  This  beam  is  focused  down  to  the  device  input  facet  afto' 
passing  through  polarization  optics. 

B2.  Mechanical,  Electrical,  and  Thermal  DeviM  Stalnlization 

A  series  of  procedures  are  used  to  maintain  the  device's  mechanical,  electrical,  and  thermal  stability  . 

The  device  mount  block  (figure  S.2)  is  a  thin  strip  of  cofqier  less  than  1/4”  thick.  This  strip  is  filed  down  at 

an  angle  and  the  tip  is  polished  flat  to  make  a  smooth  level  surface 

approximately  the  width  of  the  chip  containing  the  DUTs.  This  copper  strip 

serves  as  the  common  ground  and  as  the  heat  sink  for  all  the  devices.  The 

chip  is  mounted  using  Epo-Tdt  H20E  silver  epoxy.  With  the  copper  mount 

bolted  to  a  stationary  copper  block  (not  shown),  a  thin  layer  of  the  Epoxy  5_2:  Eievice  Mount 

Block 

mixture  is  spread  on  the  top  ledge  and  scraped  to  remove  the  excess.  The 

chip  is  then  placed  on  the  epoxy  and  positioned  as  necessary.  After  positioning,  the  mount  is  jriaced  on  the 
hot  plate  at  120*’  C  for  IS  minutes.  This  sets  the  device  in  place  and  makes  the  epoxy  electrically 
conductive  (less  than  IQ).  The  device  mount  is  then  bolted  to  the  probe  station  cooling  block  for  testing. 
The  device  mount  block  provides  easier  handling,  an  electrical  connection  to  the  ground  side  of  the  chip, 


and  thermal  heat  sinking  to  draw  heat  away  from  the  operating  devices. 

The  device  cooling  system  (Figure  S.3)  consists  of 
a  cooling  plate  (cooled  by  the  NESLAB  Tenqteratute 
Controller),  a  tilt/rotation  stage,  a  thermo-electric  (TE) 


■  Devfce 
Mount 
Block 

•clSer 


coplCT,  and  the  device  mount  block  described  above.  The 
cooling  blodt  is  mndy  an  aluminum  block  with  two  1/4” 
holes  drilled  into  the  sides  at  90*.  The  holes  are  drilled  such 


CooUng  Block 
Figore  S3:  Cooling  System 


that  one  is  slightly  above  the  other  where  they  meet  in  the  center  of  the  block  to  allow  better  coolant  flow. 
The  coolant,  ethylene  glycol,  is  pumped  from  the  chiller,  through  the  block,  and  back  to  the  chiller.  This 
maintAins  a  cold  plate  (the  tilt/rotation  stage)  for  the  (TE)  cooler.  A  Melles-Griot  Diode  Laser  Driver  box 
used  in  conjunction  with  their  General-Purpose  Thermoelectric  Cooler  Head  maintains  a  constant 
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temperature  on  the  device.  The  last  part  of  the  cooling  system  is  the  device  mount  block  in  figure  S.2.  In 
the  completed  cooling  system,  the  TE  cooler  draws  heat  away  from  the  heated  device  mount,  and  the 
cooled  rotation  stage  removes  the  beat  from  the  hot  side  of  the  TE  cooler.  A  further  modification  will 
consist  of  some  type  of  nitrogen  flow  over  the  entire  cooling  system.  This  will  pomit  device  cooling  at 
temperatures  below  room  temperature  without  the  electrical  problems  associated  with  condensation. 

B3.  Optical  and  Electrical  Probing 

Optical  output  probing  is  accomplished  using 
the  fibo’  probe  shown  in  figure  5.4.  The  key  to  this 
probe  is  the  syringe  needle  support  which  allows 
'  the  fiber  to  extend  well  past  the  end  of  the  fiber 

Figure  5.4:  Optical  Probe 

chuck  and  permits  the  fiber  tip  to  be  placed  very 

close  to  the  device  ou^ut  This  also  eliminates  the  instability  problems  associated  with  having  a  bare  fiber 
hanging  in  free  space.  Probe  aligiunent  with  the  device  output  consists  of  visually  aligning  the  probe, 
then  driving  the  device  with  a  pulse  and  using  a  photodetector  to  measure  the  strength  of  the  optical  signal 
at  the  other  end  of  the  fibo:.  When  the  signal  from  the  pbotodetector  reaches  a  peak,  the  optical  probe  is 
aligned  with  the  device  ou^ut 

The  purpose  of  electrical  probing  is  to  supply  the  necessary  bias  and  drive  signals  to  the  device  and  to 
pick  off  the  electrical  signals  at  the  desired  points.  The  Alessi  high-frequency  probes  provide  a  SOQ  load 
to  high  frequency  signals;  whereas,  the  DC  probes  provide  a  direct  connection  to  the  probe  tip.  Probe 
alignment  is  managed  through  microscopic  obsovadon  of  the  probe  tip  and  the  contact  pad,  while  the 
magnetic-base  micropositioners  move  the  probe  until  contact  is  achieved.  The  signal  return  path  is 
provided  through  the  device  mount  as  a  common  ground  coimection. 

The  tip  of  the  probe  is  of  great  concern  when  contacting  these  devices.  The  Alessi  tungsten  probe  tips 
typically  make  better  electrical  contact  with  the  device,  provide  a  more  stable  electrical  connection,  and 
have  a  lower  contact  resistance  (0.2f2  per  contact).  The  main  problem  with  the  tungsten  probes  is  they  can 
destroy  the  device  contact  pads.  An  alternate  probing  method  employs  gold-wire  tipped  probes.  A  25pm 
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gold  wire  is  soldered  oolo  the  oiogsten  probe  tip.  This  wire  is  then  used  to  contact  the  device.  First,  the 
wire  tip  is  positioned  over  the  contact  pad  using  the  microscope  for  viewing.  The  probe  is  lowered  until 
the  tip  makes  contact  with  the  pad.  Next,  a  current  is  p  ssed  through  the  line  to  the  device  while  viewing 
the  curve  tracer  display.  The  current  causes  Joule  heating,  and  the  tip  of  the  gold  wire  is  melted  onto  the 
contact  pad.  Thus,  the  dectrical  connection  is  made.  This  connection  can  be  removed  from  the  contact 
pad  easily,  and  no  contact  pad  damage  occurs.  However,  the  connection  is  unstable.  Table  movement  or 
even  air  currents  in  the  room  can  remove  the  contact  Also,  the  probe  resistance  is  greatly  increased  from 
that  of  the  tungsten  probe,  typically  lOCJ  per  contact  This  means  that  Joule  heating  may  v^rize  the 
contact  during  testing.  So,  to  maintain  a  good,  stable,  low-resistance,  electrical  contact  the  tungsten 
probes  are  used.  But  when  concerned  with  contacting  a  device  several  times,  contact  resistance  and 
stability  are  sacrificed  for  the  reusability  of  the  gold-wire  probe. 

Once  the  probe  tip  physically  contacts 
the  pad,  the  integrity  of  that  contact  must  be 
determined.  This  is  achieved  by  using  a 
Tektronix  type  S76  commercial  curve  tracer. 

Figure  S.S  shows  the  setup  used  to  test  the 
integrity  of  the  electrical  connection.  Tbe  5,5:  Probe  Contact  Integrity  Test 

curve  tracer  supplies  a  stepped,  half  sine  wave  to  the  DUT  and  displays  the  typical  1-V  curve  for  a  diode. 
Once  die  device  current  can  be  raised  and  lowered  while  maintaining  a  steady  trace,  the  connection  is 
stable  with  good  contact  integrity. 

C  Optical/Ekctrical  Signab:  Source  and  Measuremmit 

The  probe  station  supplies  and  retrieves  the  necessary  signals  to  the  DUT.  Figure  S.6  shows  the 
general  test  system  to  supply  and  analyze  the  appropriate  signals.  In  this  picture,  the  probe  station  is 
rqiresented  by  the  DUT  shown  in  the  center.  The  Argon  Ion/Ti:Sapphite  laser  system  combination 
provides  a  wavelength  range  from  760  nm  to  910  nm.  This  wavelength  is  fully  programmable  over  the 
GPIB  bos.  The  polarization  optics  allow  the  ddvice  to  receive  either  TM  or  TE  polarized  light,  or  both. 
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The  neutral  density  fillers  are  actually  polarizatioo  filtos  attached  to  GPIB  controlled  rotation  stages;  this 
is  connected  through  GPIB  to  the  computer  and  is  ptograminable.  This  put  of  the  system  allows  the  user 
to  control  the  input  wavelength,  polarizatioii.  and  power  to  the  DUT.  The  lens  focuses  the  input  beam 
down  onto  the  DlTTs  input  fiuet 


Unic 


Figure  5.6:  Test  Setup  for  Basic  Device  Optical  and  Electrical  Characterization 
Electronically,  the  device  is  driven  either  by  the  HP  81 16A  Pulse/Function  Generator  (PPG)  or  the 
Keithley  238  High-Current  Source-Measure  Unit  (SMU),  depending  on  the  test  being  performed.  The  HP 
81 16A  cap  supply  sine  waves,  triangular  waves,  pulses,  and  single  cycles  of  the  sine  wave  and  triangular 
wave  signals.  The  Keithley  SMU  can  source  and  measure  currents  and  voltages  with  current 
source/ineasure  ranges  of  ±1.0000  nA  (with  1(X)  fA  step  size)  to  ±1.0(X)0  A  (with  100  pA  step  size)  / 10  £A 
to  10  pA  resolution  and  volume  souroe/measure  ranges  of  ±1.5  V  (with  KX)  pV  step  size)  to  ±1 10  V  (with 
10  mV  step  size)  /  10  pV  to  1  mV  resolution. 


The  components  on  the  left  side  of  figure  5.6  are  devoted  mainly  to  die  measurement  of  the  retrieved 
signals.  Optical  measurements  occur  in  different  forms.  The  coherent  wavelength  from  the  Ti;Sapphire  is 
measured  from  a  beam  split  off  ftom  a  beam  splitter  cube  through  a  single-mode  fiber  to  the  Anritsu 
MS9701B  Optical  Spectrum  Analyzer  (OSA).  The  light  from  the  device  can  be  measured  solely  as  a 
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power  using  the  PIN  detector  with  or  without  the  fiber  coupling,  or  the  fiber  probe  can  be  connected  to  the 
spectrum  analyzer  to  make  a  nxMe  extensive  analysis  of  the  emitted  light  The  HP  S41 1  ID  Digital  Storage 
Oscilloscope  (DSO)  measures  the  electrical  properties  of  the  DDT.  A  Pearson  Electronics,  Inc.  model 
2877  inductive  cunmit  monitor  detects  the  current  through  the  ground  lead  of  the  DUT;  the  signal  is 
displayed  on  the  DSO.  The  DSO  is  also  used  to  measure  the  voltage  gener^ed  across  the  dropping  resistor 
connected  to  the  PIN  photodiode,  which  is  a  representation  of  the  amount  of  light  applied  to  the  PIN.  All 
of  the  data  retrieved  with  the  DSO  and  the  OSA  can  be  down  loaded  to  a  contputer  over  the  GPIB  bus  (not 
shown).  The  ways  in  which  these  pieces  of  equipment  (and  others  not  shown)  are  conitected  determine  the 
characteristics  that  i  be  extracted  fiom  the  device  under  test 
Cl.  Specific  Test  Configuratioaa 

To  perform  the  current  versus  voltage  (I-V)  test  the  DSO  is  the  only  measurement  equipment 
required.  The  PFG  supfdies  a  triangular  pulse  of  the  desired  frequency  and  amplitude.  Chaimel  1  on  the 
DSO  is  connected  to  the  cunent  monitor,  and  dtannd  2  is  connected  across  the  device.  The  1-V 
characteristics  for  the  device  are  displayed  on  the  oscilloscope  by  plotting  channel  l  versus  channel  2. 
.Once  down  loaded  to  the  computer,  the  data  can  be  saved,  and  analyzed,  or  used  to  produce  bard  copies. 

The  emitted  power  versus  current  (L-I)  test  is  perfmned  much  like  the  I-V  test  described  above.  The 
device  drive  signal  is  supplied  by  the  I¥G  again,  and  the  cunent  monitor/DSO  combination  measures  the 
drive  current  To  measure  the  emitted  power,  the  PIN  detector  is  aligned  with  the  output  beam  for  the 
DUT.  This  is  accomplished  by  pulsing  the  cunent  to  the  device  and  moving  the  photodetector  around  until 
the  maximum  signal  is  obsoved  on  the  DSO.  With  the  current  applied  to  channel  2  and  the  signal  firom  the 
PIN  photodiode  output  applied  to  channel  I,  channd  1  versus  channel  2  gives  a  representation  of  the  L-I 
curve.  To  get  an  accurate  L-I  characteristic,  the  data  must  be  down  loaded  to  the  computer;  whoe  the 
voltage  from  the  PIN  is  converted  to  an  <q)tical  power  by  using  a  scaling  factor. 

The  hystoesis  test  is  simply  anothCT  form  of  the  L-I  test  Certain  devices  such  as  the  optical  RS  flip- 
flop^  ^  display  bistability  in  their  L-I  curves.  Hysteresis  is  the  result  of  the  device  having  two  possible 
output  states  or  optical  intensities  for  a  single  givoi  drive  current  This  would  be  displayed  as  a  loop  on 
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tbe  duncletutic  L-I  curve.  With  this  lest,  it  is  inqxxtaiit  that  the  triangular  pube  driving  the  device  is 
con^ielBly  displayed  on  the  DSO  screen.  In  order  to  observe  hysteresis,  tbe  drive  current  must  be  ramped 
up  and  then  back  down  agaia  In  general,  the  observed  lo(^  consists  of  a  axnponent  due  to 
lesisdve/capacitive  (RQ  time  ddays  and  the  other  is  the  hysteresis  effect  Tbe  width  of  tbe  Lissajous 
figiues  doe  to.  these  time  delays  ate  gieady  affected  by  tbe  length  of  the  decirical  leads,  the  method  of 
electronic  coupling  and  the  difierent  drcuit  capacitances  and  resistances.  The  effect  of  tbe  test  semp  and 
parametors  on  the  width  of  the  loop  is  discussed  in  the  hysteresis  and  Lissaious  analysis  section. 

Quenching  is  a  characteristic  which  is  extremely  important  for.  but  not  limited  to,  the  qMical  NOR 
gates.^*^^  These  devices  are  composed  of  two*  main  components,  a  main  laser  and  a  side  laser  with 
overlapping  cavities.  In  operation,  the  main  la^r  is  biased  in  the  ON  condition  emitting  coherent  light 
When  the  side  laser  is  biased  ON,  it  competes  with  the  main  laser  in  the  common  cavity  area  aitd  turns  the 
main  laser  Characterization  of  such  devices  requites  measurements  of  the  main  laser  emission  and 
drive  current,  and  tbe  side  laser  drive  current  The  main  laser  is  driven  with  a  square  pulse  from  an  HP 
8131A  pulse  generator  (not  shown  in  figure  S.6),  tbe  side  laser  is  driven  with  a  triangular  pulse  from  tbe 
PFG,  and  both  currents  ate  monitored  using  tbe  Pearson  Electronics,  Inc.  current  probes.  Tbe  light  emitted 
from  the  main  laser  is  measured  using  the  PIN  detector  and  DSO.  To  perform  this  test  the  pulse  generator 
and  the  VFG  are  synchronized  together  so  that  tbe  side  laser  triangular  peak  occurs  exacdy  at  tbe  center  of 
the  main  laser  square  pulse.  Lotriung  at  tbe  emitted  light  from  tbe  main  laser  will  show  tbe  reduction  in  its 
ouqmt  while  the  side  laser  is  ON. 

C2.  Low-Speed  I>V  /  L-I  System 

All  of  the  tests  described  above  are  high-speed  tests  in  that  tbe  source  signals  for  the  devices  come 
from  the  PFG  and  tbe  pulse  genoator  which  are  high-speed  instruments.  In  essence,  all  of  tbe  rfata  for  a 
single  I-V,  L-I,  hysteresis,  and  queiKhing  characteristic  are  obtained  with  one  pulse  from  the  drive  signal. 
However,  the  DSO  is  limited  to  1  mV/div,  which  limits  tbe  resolution  of  the  currait  and  power 
measurements.  Through  tbe  use  of  optical  power  meters  and  the  Keithley  SMU,  mote  accurate  data  can  be 
taken.  This  method  is  slow  as  it  requites  GPIB  programming  to  apply  a  bias  with  tbe  SMU,  measure  the 
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power,  mnove  the  bias  for  the  device  to  cool  down,  then  step  the  bias  to  the  next  level  and  repeat 
Essentially,  the  L-I  or  I-V  data  is  taken  one  point  at  a  time.  The  soutce-measuR  unit  measures  cuiients  in 
the  range  of  nanoanys,  and  the  power  meter  measures  optical  powm  down  to  picowatts.  So,  more 
accuraie  data  is  obtained  at  the  cost  of  speed. 

C3.  Optical/Electrical  Sotirce  aad  McaaarenMBt  Aides 

In  the  (Hocess  of  testing,  several  circuits  were  constructed  to  aid  in  the  measurement  and  source  of  the 
pertinent  signals.  Sometiines  the  test  equiinnrat  was  unable  to  {uovide  the  necessary  current  to  drive  the 
DUT.  Therefore,  two  types  of  current  amj^ifien  were  constructed  to  overctune  this  inroblem.  Also,  a 
wide-area  photodetector  circuit  (the  PIN  detector  shown  in  figure  5.6)  was  needed  to  collect  all  of  the 
emitted  light 

ISV 

The  first  cutiettt  airylifier  circuit  was  built 
to  amplify  the  signal  produced  by  a  digital-to- 
analog  (D-A)  board  in  the  computer.^  The 
Data  Translations  DT2823  data  acquisition 
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board  can  only  su{yly  up  to  ±5  mA.  The 

Figures.?:  Low-Speed  Current  Amplifier 

cmuit  in  figure  5.7  amplifies  this  signal  to  a 

maximum  of  ±1  A.  The  basic  consideration  for  this  design  was  to  get  an  output  signal  that  exactly 
duplicated  the  D-A  signal  but  with  a  rtuich  higher  current  The  two  main  parts  of  the  circuit  are  the  LM741 


operationai  amplifier  (Op  Amp)  and  the  class  B  amplifier  formed  by  the  two  power  transistors  (Qj  and 
Q2).  The  power  transistor  pair  boosts  the  ouq>ut  current  up  to  1  A.  The  op  amp  is  wired  in  a  negative 


feedback  configuration  to  regulate  the  onyut  voltage  (Vq)  to  the  input  value  (Vj). 


Because  of  heating  {uoblems,  some  tests  must  be  run  on  the 
microsecond  level.  This  requires  a  faster  current  amplifier  for  the 
8116Aand8131Asignaiandpulse generators.  In  general,  this  amplifier 
is  on  the  order  of  1000  times  faster  than  the  previous  system.  Hgure  5.8 
shows  the  sdiematic  diagram  for  this  fost  current  amplifier.  Q1  is  a 
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Figure  5.8:  Fast  Current 
Amplifier 
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2N30SS  NPN  trutfisior.  while  Q2  u  a  MJE2935  transistor.  These  power  traosiston  are  capaUe  of 
delivering  lOA  to  the  load.  At  SOOkHz,  they  ate  capable  of  maintaining  500inA.  This  circuit  serves  as  a 
half-wave  rectifier,  passing  only  the  positive  half  of  the  input  waveform.  At  this  point,  only  positive  biases 
are  needed  on  the  particular  dements  under  test  The  -fSOV  supply  is  decoupled  to  ground  with  a  O.lpF 
capacitor.  This  prevents  the  pulse  signals  fiom  passing  to  the  power  supply  via  the  ground  pUoe.  The 
circuit  as  shown,  amplifies  up  to  Ips  trianguhu  pulse  widths  with  an  amplitude  of  better  than  20  volts  into 
a  lOfi  load.  This  allows  a  triangular  Ips  pulse,  maintained  at  a  current  levd  of  2  amps  or  better,  for  the 
device  drive  signal.  Two  identical  circuits  were  constructed  to  amplify  both  the  8 1 16A  functicm  generator 
and  the  8 121 A  pulse  generator  signals  at  the  same  time  during  testing.  The  two  copies  of  the  circuit  are 
housed  in  a  standard  aluminum  box  with  4  BNC  connectors  for  the  two  input  and  output  signals;  there  is 
one  BNC  connector  for  the  50V  power  sui^ly. 

Another  dicuit  aids  in  the  measuremmt  of  the  light  emitted 
by  the  devices.  This  is  the  wide-area  (PIN)  photodetector 
shown  in  figure  5.6.  This  permits  signal  viewing  directly  on  the 
oscilloscope.  Figure  5.9  shows  the  designed  photodetector 
circuit  The  switches  in  the  circuit  pomit  quick  tailoring  of  the 
detector  circuit  to  the  type  of  measurements  and  coupling 
schemes  needed.  Photodiode  #1,  a  germanium  device,  has  a 
slow  rise  and  fall  time,  therefore  the  silicon  photodiode,  which 
has  rise  and  fidl  times  in  the  range  of  hundreds  of  picoseconds,  was  added.  The  50Q  and  5.1kQ  resistors 
develop  the  output  signal  fipom  the  photocurrent  supplied  by  the  selected  photodiode.  The  5.1kf2  resistor 
delivers  a  higher  output  signal  for  a  given  input  optical  signal.  This  resistor  also  more  api»oi»iaiely 
matches  the  inq)edance  of  the  oscilloscope  when  using  high-impedance  coupling.  Coupling  to  the  scope 
on  the  IMQ  scale  can  cause  ringing  and  drastically  reduces  the  displayed  signal  rise  and  fdl  times  of  the 
signal  Therefore,  the  50Q  resistor  is  included  to  see  more  accurate  rise  and  fall  times.  To  fiirther  reduce 
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any  delays  in  the  system,  the  signal  output  connector  is  a  female  BNC  that  connecu  directly  to  the  scope. 
This  rednces  the  ddays  caused  by  long  c^les. 

D.  EXPERIMENTAL  RESULTS 

This  section  presents  some  typical  data  acquired  bom  different  optical  logic  devices  using  the  test 
systems  described  above.  The  high-speed  1-V.  L-I,  hysteresis,  and  quoiching  data  indudes  an  analysis  of 
the  Lissajous  effects  associated  with  dectronk  RC  time  delays.  The  low-speed  I-V  and  L-I  ditfa  shows  the 
ability  to  measure  very  small  current  and  small  power  signals. 

Dl.  Higii  and  Low-Speed  I-V/L-I  Data 

Figure  S.IO  shows  typical  I-V  and  L-I  curves  acquired  from  a  semiconductw  laser  amplifier.^  This 
amplifier  is  exactly  like  the  etched  fruxt  lasers  described  in  earlier  chapters  except  the  facets  are  etched  at 
angles  other  than  90°.  This  angled  facet  inhibits  the  Fabry-Perot  resonance  associated  with  normal  etched 
facet  lasers.  The  turn-on  voltage  and  device  on  resistance  can  be  extracted  from  the  I-V  curve  (left).  This 
graph  shows  a  turn-on  voltage  of  approximately  1.S5  V,  and  by  calculating  the  slope  of  the  curves  linear 
pwtion,  the  device  has  an  on  resistance  of  19.7  Q.  The  lasing  threshold  current  and  differential  efficiency 
for  the  amplifier  ace  exhibited  by  the  L-I  curve  (right).  The  linear  portion  of  the  line  is  extrapolated  back  to 
determine  the  threshold  current  which  is  26.7  mA  in  this  case.  The  slope  of  the  linear  section  determines 
the  differential  efficiency,  0. 16  mW/mA. 


HgDrc  5.10:  Characteristic  Corves  for  a  Laser  Amplifier  with  0.57°  ffc^ 

The  results  shown  in  figure  5.10  can  be  compared  to  those  in  figure  5.1 1.  The  data  for  figure  5.1 1  was 
obtained  usii^  the  low-speed  test  system.  The  DUT  in  this  case  was  a  surfr^p-Emitting  Laser  yigic 
(CELL)  device.3^  This  device  consists  of  a  monolithically  integrated  heterojunction  pfaototransistor  (HPT) 
and  a  vertical  cavity  surface-emitting  laser  (VCSEL).  The  reason  frw  using  the  low-qieed  setup  for  this 
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device  is  tbe  higiriesofaitiaii  wludi  tbe  SMU  sad  power  meter  am  attain  These  curves  show  the  CELL 
operadog  under  dark  confitioas;  Le..  there  is  no  tight  apfdied  to  the  HPT  and  therefore,  the  device  is  off. 
Because  the  CELL  is  off,  an  accurate  tnm-on  voltage  and  threshold  cucrmt  are  not  di^layed  here. 
However,  the  I-V  curve  does  give  a  feeling  for  the  degree  of  device  resimance  when  the  CELL  is  off.  The 
slope  of  the  I-V  curve  from  S  to  7  volts  indicatns  that  the  CELL  device  OFF  resistance  is  on  the  order  of 
66.4  k£l.  The  main  purpose  of  this  demcostratioo  is  to  show  the  accuracy  with  which  data  is  acquired 
using  the  low-speed  test  system.  In  this  case,  the  system  measures  currents  well  below  the  20  )xA  level  and 
powers  below  the  nW  range. 


■ntoValapm  OrinCknMM) 

figiirc  5.11:  Characteristic  I-V  and  L-I  Curves  for  CELL  Devices  in  tbe  OFF  State 


D2.  Hysteresis  and  Lissqjoos  Analysis 

Hysteresis  is  a  very  important  aspect  of  logic  gates  and  memory  elements;  it  is  a  measure  of  tbe  ability 
of  the  memory  etemeot  to  maintain  two  different  optical  power  levels  at  a  single  drive  current.  Figure  5.12 
shows  the  L-I  hysteresis  data  obtained  from  tbe  main  laser  of  the  RS  flip-flop  discussed  in  Chapter  10.  The 
three  curves  displayed  on  this  graph  represent  tbe  main  laser  drive  signal  (Vg),  the  main  laser  output 
intensity  (Lg),  and  the  main  laser  intensity  versus  tbe  main  laser  drive  (Lg  vs.  Vg).  The  important  feature 
to  notice  here  is  tbe  protrusion  on  the  Lg  curve.  This  is  an  iixlicahon  of  higher  optical  power  emitted  by 
the  laser  for  die  same  applied  currenL  This  is  tbe  feature  that  results  in  tbe  open  loop  on  the  Lg  vs.  Vg 
curve. 
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Flfiire  5.12:  Hysteiesis  Displayed  on  the  DSO 

The  desired  feature  in  figure  S.12  is  the  wide  opening  in  ^  hysteresis  loop  on  the  right  hand  side. 
Howeva,  a  laser  without  a  saturable  absorber  will  produce  an  open  loop  ~  the  Lissajous  figure  ~  due  to 
the  various  delays  in  the  test  system.  For  example,  if  the  light  detection  system  has  electronic  delays  due  to 
long  lead  lengths  or  improper  signal  coupling,  the  Lg  curve  is  shifted  to  the  right  This  would  result  in  a 
loop  disidayed  in  the  Lg  vs.  Vg  curve. 

Figure  S.i3  can  be  used  to  determine  the  expected  loop  width  due  to  system  delays.  This  plot  shows 
that  the  width  of  the  Lissajous  figure  increases  with  decreasing  pulse  width  and  increasing  drive  current 
To  determirK  the  expected  loop  width,  first  detomine  the  drive  current  and  the  drive  pulse  width.  From 
these  values,  the  expected  loop  width  with  tK>  hystoesis  present  can  be  extrapolated.  Example:  With  a  3 
ps  pulse  width  and  a  drive  current  of  80mA,  the  expected  loop  should  be  0.32V  wide.  Any  loop  which  is 
substantially  greater  than  this  0.32V  under  these  conditions  can  not  be  attributed  to  RC  effects. 


FigDK  5.13:  Lissajous  Figure  Width  venus  Drive  Current  and  Pulse  Width 
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D3.  QMKkiiigAMlysif 

Both  the  optical  NCHl  gales  and  the  qNtcal  flip-fl(^  make  use  of  intersecting  laser  cavities  to  quench 

« 

the  output  of  a  main  laser.  The  configuration  described  in  section  Cl  is  used  to  measure  this  characteristic. 

Figure  5.14  shows  an  exanqile  of  quenching  as  pleasured  on  the  DSO.  The  main  laser  drive  is  a  square 

» 

pulse.  The  light  out  of  the  main  laser  is  also  comparable  to  a  square  pulse.  The  side  or  quench  laser  drive 
is  the  triangular  pulse.  When  the  triangular  pulse  is  applied  to  the  side  las«,  the  main  laser  is  quenched, 
and  the  onitted  power  drops  dramatically  at  the  peak  of  the  quench  pulse.  This  is  easily  observed  in  the 
Main  Laser  Intensity  (Quenched)  curve. 


Plot  5.14:  (2uenchiiig  Example 

E.  Conchisioiis 

The  setups  described  herein  can  .be  used  to  examine  a  variety  of  optical  logic  gates  and  their 
component  parts.  The  devices  can  easily  be  mounted,  cooled,  and  probed  optically  and  electrically,  to 
ascertain  their  specific  characteristics.  Using  comnoCTcial  test  equipment  and  specially  designed  circuits, 
accurate  data  is  collected  and  saved  quickly.  A  high-speed  system  has  been  constructed  to  acquire  I-V 
curves,  L-I  curves,  quenching  data,  and  hysteresis  data  for  specific  optical  logic  gates  and  their 
conqxrnents.  A  low-speed  I-V  and  L-I  system  pomits  much  better  current,  voltage,  and  optical  power 
resolution  at  a  much  slower  data  acquisition  rate.  A  chart  has  been  developed  to  easily  verify  how  much 
of  an  L-V  loop  is  due  to  hysteresis  and  how  much  is  due  to  RC  effects  in  the  system.  Also,  computer  code 
has  been  developed  to  control  the  tests  and  manipulate  the  retrieved  data. 
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VL  CHARACTERIZATION  OF  A  SEMICONDUCTOR  OPTICAL  AMPLIFIER  FOR  USE  IN 


OPTICAL  COMPUTING  SYSTEMS 

A  semiconductor  optical  amplifier  was  characterized  for  use  in  qptical  computing  systems.  The  functional 
dependence  of  gain  on  bias  current,  input  optical  power,  polarization  and  wavelength  was  determined. 
The  total  power,,  the  full-width  at  half-max.  (FWHM)  and  the  peak  wavelength  of  the  spontaneous 
emission  was  measured.  Most  experimental  results  were  found  to  be  in  agremnent  with  the  specifications 
supplied  by  the  manufacturer.  The  theory  of  semiconductor  optical  amplifiers  is  also  discussed 
A.  INTRODUCTION 

Optical  attenuation  and  losses  are  serious  problems  in  the  fabrication  of  optical  communications, 
switching  and  computing  systems.  Long  distance  fiber  communications,  for  example,  require  the  use  of 
electronic  repeater  stations  to  compensate  for  signal  degradation  caused  by  fiber  losses.  Severe  fan-in  / 
fan-out  losses  occur  in  optical  crossbar  switching  networks  where  several  input  channels  carrying  signals 
must  be  switched  or  interconnected  between  a  selection  of  output  channels.  Overcoming  optical 
attenuation  is  also  a  major  hurtle  in  optical  computing.  Optical  computing  elements  such  as  optical  logic 
gates  and  spatial  light  modulators  exhibit  large  optical  losses  which  limit  the  degree  to  which  they  may  be 
cascaded 

Optical  amplifiers  are  a  potential  solution  to  these  (»oblems.  These  relatively  new  devices  can 
provide  gain  fw  optical  signals  without  the  aid  of  electronic  subsystems.  This  chapter  briefly  describes  the 
characterization  of  a  BT&D  semiconductor  optical  anoplifier  (SOA),  the  only  cotmnercially  available  SOA 
at  the  time  of  this  experiment,  for  use  in  optical  computing  systems.  The  theory  of  operation  of  the  SOA 
and  the  apparatus  used  to  measure  the  operating  parametos  of  the  SOA  are  presented  first  E)q>OTmental 
results  on  the  polarization  sensitivity,  spontaneous  emission  and  gain  of  the  anq)lifier  are  then  discussed 
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AR  OQAIED  RtfST 


B.  THEORY 
A  semiconductor  laser 
aiq[>lifier  is  similar  in 
structure  to  a  laser  diode; 

IN 

figure  6.1  is  a  schematic  of 

an  optical  amplifor.  An  j>|gq^  5^1;  Schematic  of  SOA  Amplifier, 
external  current  source  is 

connected  to  the  device  and  injects  carriers  into  the  active  region.  The  number  of  carriers  injected  is 
proportional  to  the  bias  current  i),  and  provides  for  a  population  inversion.  Light  signals  enter  the  active 
region  of  the  SOA  via  a  single  mode  input  fiber  and  interact  with  the  excited  carriers  in  the  SOA  cavity 
causing  stimulated  emission  and  hence  gain.  In  addition  to  stimulated  emission,  there  is  also  spontaneous 
emission  due  to  the  random  recombination  of  carriers.  Thus,  the  total  optical  signal  exiting  the  amplifier 
via  a  single  mode  fiber  is  composed  of  both  stimulated  and  spontaneous  emission  components.  The  total 
optical  output  power  Pq  emitted  by  the  device  for  an  optical  input  power  Pj  is 

Po  =  PiG«n)  +  Psp  (6.1) 

where  the  first  term  represents  the  stimulated  componoit  of  the  output  and  the  second  term  represents  the 
spontaneous  component  The  net  gain  of  the  amplifia  G((0)  is  a  function  of  optical  fiequency  and  is 
equivalent  to  the  transmission  of  a  Fabry-Perot  cavity  with  single  pass  gain  given  by^^ 


G«o)  =  - 


G,(l.RiXl-R?) 


(1-Gs>/^)2  +  4GsV^  sin2(^) 


(6.2) 


where  R{  aixl  R2  are  the  fiuret  reflectivities,  d  the  cavi^  length,  Gg  the  single  pass  gain  of  the  device,  n  is 
the  index  of  redaction  and  m  =  27cf.  Gg  is  depemfent  on  tire  degree  of  confinenrent  of  the  TE  and  TM 
modes  in  the  wave  guide  and  the  average  intensity  of  light  in  the  cavity.  It  is  given  by: 


1  +  I/Is 


(6.3) 
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where  r  is  the  mode  confinement  factor,  is  the  unsaturated  gain  coefficient  (per  unit  length),  a  is  loss  in 
the  cavity  (per  unit  length),  L  is  the  length  of  the  cavity,  and  I  and  are  die  light  intensity  and  saturation 
light  intmisity  in  the  cavity,  respectively.^^ 

Cain  in  the  SOA  monotonically  increases  with  the  population  inversion  created  by  the  bias  current  i|,. 
As  the  intensity  of  the  light  I  in  the  cavity  increases,  the  population  inversion  in  the  cavity  becomes 
depleted.  As  seen  from  equation  6.3,  the  single  pass  gain  of  the  SOA  will  decrease  as  1  approaches  1$ 
causing  the  net  gain  of  the  amplifier  to  decrease.  I3  is  defined  to  be  the  intmisity  at  which  the  SOA  gain  is 
reduced  by  3  db  and  it  is  th«:  point  where  gain  saturation  occurs.  Hence  gain  saturatioo  is  a  function  of 
input  optical  intensity. 

The  mode  confinement  factor.  F,  also  efriects  the  gain  of  the  SOA.  The  mode  confinement  is 
dependent  on  the  polarization  of  the  signal  input  to  the  SOA  and  will  have  different  values  for  TE  and  TM 
input  modes.  Since  the  gain  of  the  SOA  is  dqiendent  on  the  mode  confinement  factor  as  seen  from  6.3, 
and  the  mode  confinement  factor,  in  turn,  is  dependent  on  polarization,  the  SOA  has  polarization 
dependent  gain.  The  mode  confinement  factor  is  typically  larger  for  the  TE  mode  than  the  TM  and  hence 
an  input  signal  with  TE  polarization  experiences  a  higher  gain  than  one  with  TM  polarization.  Another 
source  of  gain  dependence  on  polarization  stems  from  a  difference  in  fuxt  reflectivity  for  the  TE  and  TM 
modes  that  is  diw  to  Fresnel  reflection.^^ 

Despite  its  many  dependencies,  the  gain  of  the  SOA  is  ultimately  limited  by  losses  due  to  coupling 
fiber  with  the  SOA.  These  losses  arise  from  the  fact  that  light  is  being  coupled  from  a  circular  fiber  into  a 
rectangular  waveguide  causing  mode  mismatching  to  occur.  Coupling  losses  on  the  order  of  5  db  are 
typical  at  each  fiber  interface.^^ 

Semiconductor  optical  amplifiers  generally  fall  into  two  main  categories  dqtending  on  the  values  of 
their  facet  reflectivities:  Fid)ry-Perot  and  traveling  wave.  An  ideal  traveling  wave  amplifier  has  end 
facets  with  zero  reflectivities  to  suppress  oscillations  in  the  cavity.  Setting  Rf  =  R2  =  0  in  equation  6.2 
gives 

G((0)  =  Gs  (6.4) 
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Nteice,  the  net  gain  of  the  device  is  just  the  single  pass  gain  of  the  cavity.  This  is  the  ideal  configuratioo 
for  an  SOA  because  the  amplification  is  caused  only  by  single  pass  gain,  diffemtiating  the  operation  of  the 
amplifier  from  that  of  an  oscillator  sucb  as  a  lastf  diode.  In  reality,  however,  there  is  residual  facet 
reflectivity  on  the  order  of  R  =  1  x  10*^  and  the  actual  device  is  termed  a  near  traveling  wave  amplifier. 

v 

An  SOA  must  have  a  gain  modulation  (peak  to  peak  passband  ripple)  of  less  than  3  db  to  be  categorized  as 
a  near  traveling  wave  amplifier.  This  corresponds  to  having  reflectivities  which  satisfy  the  condition^^ 

G^ylRlR2<0.n  (6.5) 

The  near  traveling  wave  amplifier  has  a  wide  bandwidth,  less  temperature  and  polarization  sensitivity,  and 
higher  saturation  output  powers  than  the  Fabry-Perot  amplifier.  It  does,  however,  have  an  increased 
sensitivity  to  reflections  fi'om  fiber  coupling  and  requires  a  larger  bias  current  for  operation.  The  larger 
bias  current  will,  in  turn,  mean  a  larger  spontaneous  noise  component. 

A  Fabry-Perot  SOA,  on  the  other  hand,  will  have  a  gain  modulation  greater  than  3  db  with  facet 
reflectivities  typically  on  the  order^^  of  0.01  •  0.3.  The  device  is  operated  near  laser  threshold  and 
resonance  for  maximum  gain.  Near  the  resonance  of  a  Fabry-Perot,  integral  numbers  of  wavelengths 
occupy  the  cavity.  Thus,  the  gain  of  the  SOA  near  resonance  can  be  approximated  from  (2)  by. 


G((d)  = 


G.(1-Ri)(1-R7) 

(1-Gs>/^)2 


(6.6) 


(Operating  near  resonance  causes  the  Fabry-Perot  SOA  to  be  extremely  sensitive  to  bias  current  and  narrow 
in  bandwidth.  The  grin  of  the  Fabry-Perct  amplifier  is  also  more  sensitive  to  polarization  effects  due  to 
larger  values  of  facet  reflectivities. 


C  APPARATUS 

The  semiconductor  optical  anqilifier  used  in  this  evaluation  is  the  BT&D  model  SOA3100,  which  was 
the  only  commercially  available  SOA  at  the  time  of  this  experiment  The  device  comes  mounted  in  a 
module  containing  a  thermoelectric  cooIct  and  two  single  mode  fiber  pigtails.  Table  6.1  lists  some 
important  manufacturer's  specifications  for  the  device.  The  SOA  was  driven  by  an  ILX  model  LDX-3670 
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Ultra  Low  Noise  cuneitt  source.  Temperature  stability  was  maintained  via  an  ILX  model  LDT-S910 
temperature  controller  set  at  20 

Data  was  taken  with  an  Anritsu  optical  spectnim  analyzer  model  MS9001B1.  A  Hewlett  Packard 
optical  average  power  meter  model  8152A  and  optical  attmuiator  model  8158b  were  also  used.  The  laser 
source  fcv  the  experiment  was  a  Laser  Diode  CorporatioQ  model  LANA-2013  tbermoelectrically  cooled 
laser  diode  with  a  center  wavelength  of  1316.7  nm. 

Input  polarization  into  the  SOA  was  controlled  using  a  fiber  polarization  controller  consisting  of  three 
paddles.  Each  paddle  can  be  made  to  represent  a  quarter  wave  plate  by  looping  single  mode  fiber  in  it  and 
using  stress  on  the  fiber  to  induce  birefringence.  The  stress  induces  two  orthogonal  axes  in  the  fiber,  each 
with  a  different  index  of  refraction  Laser  light  input  into  the  controller  can  be  decomposed  into  two 
orthogonally  polarized  stares  with  each  parallel  b)  one  of  the  two  orthogonal  axes.  Since  these  axes 
correspond  to  different  indices  of  refraction,  the  input  components  travel  at  different  speeds  through  the 
fiber  creating  a  net  phase  delay  between  them.  This  phase  delay  results  in  a  change  in  polarization  of  the 
input  light  By  moving  the  paddles  and  changing  the  stress  on  the  fiber,  any  desired  output  polarization 
state  can  be  achieved. 


EAEAME1E& 

TYPICAL  VALUE 

Center  wavelength 

1300  nm 

Peak  gain 

12  db 

Ratio  of  peak  of  TM  gain  envelope  to  TE  envelope 

Sdb 

Peak  to  Peak  passband  ripple 

3db 

Operating  current 

SOmA 

Lasing  threshold  current  Ifh 

70  mA 

Optical  powCT  @  Ifh-  20  mA  (no  input) 

25jiW 

The  optical  amplifier  and  polarization  controller  were  functionally  placed  in  line  between  two  optical 
isolators.  These  isolators  prevented  back  reflections  into  the  amplifier  that  would  cause  the  SOA  to  have  a 
lower  threshold  current  Figure  6.2  is  an  illustration  of  the  setup.  Ail  fiber  connections  between  the 
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optical  iaotalon  were  fiisioo  spliced  to  avoid  reflections  from  fiber  connectors.  The  isolators  were  found 
to  have  a  total  of  2.3  db  kns  and  the  data  was  adjusted  to  compensate  for  this  loss. 

D.  E3CPER1MENT 

This  section  {uesents  data  for  the  polarization  sensitivity,  spontaneous  emission  measurements  and 
gain  measurements.  The  section  on  spontaneous  emission  measurements  contains  data  fw  the  ^)ontaneous 
emission  spectra,  peak  wavelength,  power  and  FWHM  all  as  a  frmction  of  bias  cuirenL  The  section  on  the 
gain  measuranents  contains  gains  vs.  bias  current  and  gain  vs.  ii^t  power.  A  typical  L-I  curve  is 
presented  for  the  SOA  tested. 


Figare  dJ:  Experimental  setup. 


D.l  POiariantion  Sensitivity 

As  discussed  previously,  semiconductor  optical  amplifiers  exhibit  polarization  dependent  gain.  Using 
the  fiber  polarization  controller,  this  polarization  dependence  was  examined  so  the  experimental  set-up 
could  be  optimized  for  maximum  amplifier  gain.  All  fiber  interconnects  shown  in  figure  6.2  were  secured 
to  prevent  movement  and  thereby  preclude  a  stress  induced  change  of  polarization  in  tlw  fiba.  The 
positions  of  the  paddles  on  the  polarization  controller  were  moved  until  a  minimum  in  amplifier  gain  was 
achieved.  The  polarization  controller  was  then  adjusted  to  find  the  position  of  maximum  amplifier  gain. 
A  6  db  change  in  gain  with'polarization  was  observed. 
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DJ  Spoatancoos  Emissioa  Mcasuremeiits 

^  L3S 

The  effect  of  the  drive  g 

w  134 

cunrat  oo  the  sponumeous  p 

Q  133 

emissioa  profile  was  examined  ^  ^ 
usiiig  the  same  setup  in  figure  s  iii 
6.2.  The  laser  diode  module  was  ^  t30 
tumed  off  for  this  experiment  and 
figure  6.3  shows  the  results.  As 


10  20  30  40  50  60  70 

BIAS  CURRENT  OnA^ 


can  be  seen  fiom  the  figure  the  *■'«**"  ^  wavelength  of  Spontaneous  Emission  Vs.  Bias 

Current 

spectral  peak  of  the  spontaneous 

emission  shifts  towards  shorter  wavelengths  as  the  bias  current  is  increased.  This  shift  is  due  to  band 
filling.  As  the  drive  current  increases,  the  number  of  injected  carriers  increases,  and  higher  states  in  the 
conduction  band,  as  wdl  as  lower  states  in  the  vafenoe  band,  become  filled.  Since  these  carriers  ate 


further  fiom  the  maximum  of  die  valence  band  and  the  minimum  of  the  conduction  band,  they  "see”  a 


larger  effective  band  giqi,  and  radiation  of  a  shorter  wavelength  is  emitted. 


Hgute  6.4  shows  the  actual 
spontaneous  noise  spectra  for  several 
bias  currents.  Not  only  does  the  spectral 
peak  shift,  but  the  actual  size  of  the  noise 
spectrum  increases  with  drive  current 
The  power  of  this  spectra  was 
cpnqHited -via  two  methods  and  then 


compared.  In  the  first  method,  data  was 
read  fiom  the  spectrum  analyzer  into  a 
conqmtM.  Using  Simpson's  rule,  the 
data  was  integrated  to  find  the  power 


12422  L2922  13422 

WAVELENGTH  (|im) 

Figure  6.4:  Spontaneous  emission  spectra  for  various  bias 
currents.  The  bias  current  is  incremented  in  10  mA  steps  up  to 
70  mA.  The  spectra  increase  with  increasing  values  of  bias 
current 
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under  the  spontaneous  emission  curve.  The  second  method  was  to  sinqde  use  an  optical  avenge  power 
meter.  Results  obtained  by  both  methods  were  fmind  to  be  in  agreement  The  result  is  given  in  figure 
6.5.  It  should  be  noted  that  the  manufacturer  specifies  an  output  of  25  pW  at  SO  mA.  We  measured  310 
ItW  for  the  same  value  of  bias  current  We  confirm  this  value  with  both  measurement  techniques  and 

cannot  provide  an  explanation  for  this  large  difference. 

1400 -] - a 

The  FWHM  of  the  / 

1200-  / 

spontaneous  profile  was  observed  ^  1000-  / 

800-  ^ 
as  a  function  of  bias  current  As  g  / 

%  600-  / 

the  SOA  is  driven  closer  to  2  4004  /  ' 

resonance,  the  Q  of  the  device  200- 

0  I - □  q  .q  q  □  ^1  - 1 - 1 - ' 

increases  and  hence  the  FWHM  n  inonmiinwiAtTn 


should  decrease. 


measurements  shown  in  figure 
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Figure  6.5:  Pow«  of  spontaneous  emission  vs.  bias  current 


6.6  agree  with  this  prediction.  Of  particular  interest  is  the  knee  of  the  curve  at  55  mA.  This  change  in 
behavior  marks  the  start  of  lasing  in  the  amplifier  and  is !(),. 

D  Gain  Measurements 


To  measure  the  gain  of  the  SOA, 

jU 

the  laser  diode  module  shown  in  figur  ^ 

6.2  was  turned  on  and  used  to  provide  an  ^  .5 
optical  sigiud  into  the  SOA.  The  ^  ^ 


atrqrlifier  gain  was  measured  as  a  .20 


function  of  both  drive  current  and  optical  " 

-30 


input  power.  The  optical  attenuator, 
which  was  functionally  placed  between 
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Figure  6.8:  SOA  Gain  vs.  Bias  Current 


the  laser  source  and  the  SOA,  was  used  to  vary  the  optical  powm'  incident  on  the  SOA.  Figure  6.7  is  an 


example  of  the  output  of  the  SOA  when  an  input  signal  is  present  for  several  different  bias  currents. 
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The  relatioiiship  between 
gain  and  bias  cuneot  was  first 
detennined.  The  input  optical 
power  was  fixed  and  the 
injectioo  cunent  was  varied. 
As  seen  from  figure  6.8, 


transparency  for  the  device 

Figure  6.9:  Gain  vs.  Input  Power  curves  as  a  function  of  bias  current 

occurs  at  approximately  30  mA. 

This  is  the  point  where  the  absorption  and  ertussion  rates  balance  and  the  gain  is  therefore  unity.  The 
saturation  drive  current  ibsar>  ^  current  where  the  gain  begins  to  level  off  because 

stinuilaled  ertussion  has  reached  a  nunitnum  From  figure  5.8,  the  saturation  drive  current  occurs  at 
^rproximately  SO  mA.  Gain  saturation  effects  were  detomined  by  varying  the  optical  power  incident  on 
the  amplifier  while  holding  the  bias  curretu  fixed.  As  discussed  previously  and  shown  from  equation  6.3, 
gain  in  the  SOA  increases  with  the  degree  of  population  inversion  in  the  SOA  cavity.  As  the  intensity  of 
the  light  in  the  cavity  increases,  the  population  inversion  in  the  cavity  becomes  depleted,  causing  the  gain 


to  saturate. 


Gain  saturation  can  be  found 
from  figure  6.9,  which  is  the  gain 
versus  input  power  characteristic 
of  the  SOA  as  a  function  of  bias 
cnirenL  As  expected,  the  gain 
decreases  with  input  power  once 
saturation  is  reached.  The 
noitted  light  versus  drive  current 
fix’  the  device  aj^iears  as  the  L-I 
curve  in  figure  6.10.  The  output 


Figure  6.10:  L-I  curve  for  the  SOA. 
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power  inaeaicr  with  biis  cnnent  as  expected.  The  growdi  of  the  ootpiit  power  is  doe  to  both  the 
ain|>lificatioD  of  the  infwt  signal  and  the  inciease  dF  the  spoittaoeotts  output  with  increased  bias  obkol 
E.  CONCLUSIONS 

In  summary,  the  theory  of  operation  of  semiconductor  optical  amplifiers  have  been  discussed.  The 
gain  was  shown  to  depend  dieoieticaUy  on  the  reflectivity  of  the  facets,  the  mode  confinement  fiartor  and 
the  saturation  current  Measurements  were  made  of  the  gain  for  various  values  of  the  bias  current  input 
optical  power  and  polarization.  Saturation  effiects  were  observed  in  the  gain  for  sufficiently  high  levels  of 
bias  current  and  optical  power. 

The  effects  of  spontaneous  emission  from  the  semiconductor  ampUfiCT  w<»e  discussed.  The  total 
power,  FWHM  and  the  peak  wavelength  of  the  optical  spectrum  of  the  spontaneous  emission  were 
determined.  The  total  power  was  found  to  increase  exponentially  with  bias  current  while  the  peak 
wavelength  decreased  due  to  band  filling  effects.  The  FWHM  decreased  with  bias  current  since  the  device 
was  being  driven  closer  to  resonance. 

The  spontaneous  emission  was  seen  to  be  the  major  source  of  noise.  A  nonnalizcd  signal  to  noise 

ration  (S/Nlg  for  the  amplifier  can  be  defined  as 

G(o>) 

(S/N)n=-^  (6.7) 

*^s 
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BIAS  CURRENT  6nA) 

Flgarctfwll:  (S/N)nOftbeSOA. 

We  found  about  1 1  db  of  gain  for  the  TE  mode.  This  value  exceeds  the  manufectuter’s 
value  of  10  db  but  the  Qrpical  value  of  12  db  was  not  obtained  This  discrepancy  might  be  attributable  to 
differences  in  bias  current,  input  optical  power  or  wavelength  between  the  manufectuiers 
and  those  presented  here.  The  wavelength  in  these  experiments  was  not  exactly  1300  nm  and  hence  was 
not  exactly  matdied  to  the  peak  in  the  gain  spectrum.  The  gain,  however,  does  increase  with  im^«ng 
bias  current  and  decreasing  input  optical  power. 

Further  work  will  be  done  with  the  semiconductor  optical  ami^ifier  in  the  Photonics  Center  in  future. 
Optical  amplifiers  might  provide  a  convenient  method  of  amplifying  attenuated  signals  from  optical  logic 
elements  and  these  devices  could  be  monolidiically  integrated  with  the  logic  elements.  In  addition,  the 
SOA  could  be  used  to  conqieiisate  for  l/N^  fiber  losses  in  optical  crossbar  switches.  The  gain  as  a 
function  wavelength  should  be  determined  in  order  to  deduce  the  reflectivity  of  the  mirrors  and  to 
detremine  the  optical  bandwidth.  Also,  measurements  of  the  tempwature  dependence  of  foe  gain  spectrum 
is  important  fot  detmnining  the  stabUi^  of  foe  anqtlifier  during  its  opoation  for  long  periods  of  time. 
This  information  coukl  1^  to  improved  designs  fot  amffofiers  that  are  monoUfoically  integrated  with 
opticaL  switches. 
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m  GnAs-AlGaAsLASERAMPUFIERWITHANGLEDFACETS 
MttltiiDode  later  amplifiers  were  fiibcicaled  from  GaAs-AlGaAs  Graded  Index  Separate  Coofinement 
HetKostructure  (GRINSCH)  which  luminesce  near  850  nm.  The  uncoated  facets  were  angled  with  respect 
to  the  cavity  with  angles  in  the  range  of  0  to  about  25^  in  steps  of  0.5°.  The  an^lifiers  were  tested  for  (1) 
lasing  tbreshdd  current  and  differential  efficieocy  as  a  fiinctioo  of  facet  angle,  (2)  gain  as  a  function  of 
injected  current  and  facet  angle.  This  chapter  contains  the  device  design,  fabrication  and  preliminary 
results. 

A.  INTRODUCTION 

Optical  attenuation  and  loss  limit  the  performance  of  communications,  switching,  and  computing 
systems.  Tlw  present  performance  of  optical  fibers,  optical  wave  guides,  and  holographic  optical 
interconnects  reduce  the  distance  over  which  communications  may  take  place  without  a  repeater  station. 
Further  prohibitive  losses  occur  when  several  channels  carrying  signals  must  be  switched  or  interconnected ' 
between  a  selection  of  output  diannels.  Such  an  additional  loss  is  inherent  in  a  crossbar  switching  device, 
for  exaiqile.  The  main  hurtles  in  optical  computing  result  from  the  same  deficiencies:  the  most  common 
switches  have  no  optical  gain.  These  devices  can  not  be  cascaded  with  any  efficiency  without  the  use  of 
electronic  subsystems. 

Laser  amplifien  potentially  solve  these  problems.  These  devices  have  extremely  large  bandwidths  and 
can  provide  optical  gain  in  an  all  optical  computer.^*^  The  gain  can  be  10  dB  or  higher  and  the  bandwidth 
can  greatly  exceed  that  of  semiconductor  lasers.  However,  optical  amplifiers  produce  signals  which  rue 
large  in  intensity  and  relatively  broad  in  wavelength  evmi  at  quiescence  due  to  spontaneous  emission.  This 
spontaneous  emission  degrades  performanoe  by  reducing  the  signal  to  noise  ratio.  Furthermore,  the 
residual  reflectivity  of  the  fao^  limits  the  useful  gain  of  the  amplifier. 

The  logic  gates  and  memory  dements  presenfly  under  devdopment  in  the  USAF  Photonics  Center 
requite  amplification.  Integrating  multiple  devices  on  a  single  wafer  reduces  the  likelihood  of  using  AR 
coatings  on  the  amplifia  facets.  For  this  reason,  an  array  of  multimode,  ridge  waveguided  laser  amplifiers 
with  varying  facet  angles  was  designed  and  fabricated  to  perform  signal  restoration  in  integrated,  optical 
logic  gates.  The  worir  presented  here  evaluates  these  amplifiers  for  threshold  current  versus  facet  angle. 
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dififefeattal  efficiency  versus  £soet  angle,  and  gain  vosus  wavelength.  The  remainder  of  this  report 
contains  the  background  including  the  fabricatira  process,  experimnual  testing  procedures,  and  results  and 
discussions  these  lasa  amplifiers.  Fmally,  we  make  some  general  conclusions  and  present  some 
possible  future  work  and  modifications  in  this  aresL 
B.  BACKGROUND 

Due  to  the  low  fan  out  of 
current  optical  logic  gates,  laser 
amplifiers  are  needed  for  sigiuil 
restoration  in  potential  integrated 
optical  processors.  Laser 
anqrlifiers  use  a  gain  section  to 
boost  the  input  signal  in  a  single 
pass  and  require  end  facets  that 
prevent  Fabry*Perot  resonance. 

For  multiple  devices  fabricated  on  the  same  wafer,  it  is  difficult  to  AR  coat  the  end  facets.  Therefore,  cue 
solution  is  to  use  angled  facets  to  inhibit  Fabry-Perot  resonance  while  still  providing  the  gain  necessary  to 
restore  the  input  signal.  Figure  7.1  shows  such  a  structure  that  can  easily  be  integrated  onto  a  wafer  of 
optical  logic  elements. 

The  laser  amplifier  arrays  ate  fabricated  from  GaAs-AlGaAs  Graded  Itxlex  Separate  Confinement 
Heterosttuctute  (GRINSCH)^  which  luminesce  aear  8S0  nm  when  electrically  pumped.  The  array  consists 
of  artqrlifiers  (figure  7.1)  with  various  angles  between  the  principle  axis  and  the  normal  to  the  surface; 
these  angles  range  from  0.5**  to  21.8°.  The  angled  facets  reduce  the  amount  of  emission  coupled 


56 


Deep  Etch  A  Ohmic 
Contact  (Open)  Areas 

Photoresist  Area 
Zn  DifiEiisioa  Area 
SiOj  Area 

2nd  Photoresist  Mask 
Open  Arres 

Metallization  Over  Si02 

Metallization  Ov«  Zn 
Diffused  GaAs  Wafer 

Figiire  7J2:  Fabrication  Processing  Steps:  (a)  1st  Photolithographic  Mask,  (b)  Zn  diffusion  after  RIE  and 
Photoresist  removal,  (c)  2nd  Photolitho^aphic  Mask  for  Contact  Metallization,  (d)  Before  CAIBE 

back  into  the  cavity.^^  The  amplifier  is  electrically  connected  to  a  contact  pad  metallization  by  three 

narrow  metal  strips.  The  strqis  are  narrow  to  minimize  the  influence  on  the  waveguiding  in  the  amplifier. 

The  anqilifiers  have  CAIBE  etched  facets  and  ridge  waveguides  which  are  20  x  200  pm  in  area.  The 
facets  are  formed  by  deep  etches  of  4.5  An  Si02  layer  performs  electrical  isolation  as  well  as  an 

etch  retardation  mask  for  the  shallow  etch  ptx)cess.^>^^  The  large  metal  pads  supply  the  external  bias  to  the 
devices;  a  layer  of  Si02.  1300  Angstroms  thick,  electrically  isolates  the  pads  from  the  GaAs.  The  top  P^ 
and  bottom  N*  Ohmic  contacts  are  made  as  discussed  in  reference  9. 

Hgure  7.2  displays  the  major  steps  in  patterning  the  GRINSCH  wafer.  An  Si02  layer  is  deposited  on 
the  wafer  through  Plasma  Enhanced  Chemical  Vq>or  Deposition  (PECVD).  The  1st  photolithographic 
mask  (figure  7.2a)  is  patterned  and  devdoped  leaving  an  open  area  fw  the  deep  etch  and  Ohmic  contact 
The  Si02  in  the  dumbbdl  shaped  open  area  is  removed  using  Reactive  Ion  Etching  (RIE),  the  photoresist 
is  removed,  and  Zn  is  diffused  to  improve  the  electrical  connection  (figure  7.2b).  A  second 
photolithographic  mask  step  is  performed  leaving  open  the  area  for  contact  pad  and  Ohmic  contact 
metallization  (figure  7.2c).  A  standard  GaAs  p-type  metallization^  is  deposited  on  the  structure  and  the 
photoresist  liftoff  is  performed  leaving  the  structure  in  figure  7.2d.  The  metallized  areas  act  as  a  mask  for 
the  (Chemically  Assisted  Ion  Beam  Etch  (CAIBE)  while  the  Si02  retards  the  etch  process  slightly,  and  the 
Zn  diffused  portion  is  easily  etched.  Tberefore,  the  exposed  Zn  diffused  wafer  is  deep  etched  forming  the 


57 


angled  facets,  tbe  St02  covered  wafer  is  shallowly  etched  for  dectrical  isoladoo  and  waveguiding,  and  the 
metallized  aieas  are  not  etched  at  all  forming  the  contact  pad  and  Ohmic  contact  Finally,  the  backside  N* 
Ohmic  contact  is  deposited  and  alloyed^.  Fgute  7.1  shows  a  completely  processed  and  etched  laser 
anqilifier. 

C  EXPERIMENTAL  PROCEDURES 

Once  fabricated,  the  laser  amplifiers  described  above  are  cleaved  and  mounted  for  testing.  Threshold 
current  versus  facet  angle  and  gain  versus  wavelength  are  of  {Mrimary  interest  with  these  devices.  Figure 
7.3  shows  the  setup  used  to  test  the  amplifiers.  Tbe  Argon  pumped  Ti-Sapphire  laser  system  provides  a 
range  of  optical  wavelengths  for  optical  probing.  The  amplifier  is  electrically  driven  by  either  the  HP 
81 16A  Pulse/Function  Generator  or  the  Keithley  238  High  Current  Source-Measure  Unit,  depending  on  the 
test  being  performed.  Electrical  and  optical  measurements  are  accomplished  with  tbe  HP  541 1  ID  Digital 
Storage  Oscilloscope  (DSO)  and  the  Anritsu  MS970tB  Optical  Spectrum  Analyzer  (OS A),  respectively. 
Included  in  the  array  of  measurement  equipment  is  a  calibrated  wide-area  photodetector  (PIN)  for 
measuring  emitted  power. 


Argon  Ion>M 
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Figure  7J:  Test  Setup  for  Basic  Device  (Optical  and  FJectrical  Characterization 
The  threshold  current  versus  fuet  angle  tests  ate  performed  by  measuring  the  emitted  power  L  as  a 
function  of  drive  current  I  (L-I  characteristics)  for  the  different  amplifiers.  In  this  test,  the  ^Ise  generator 
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(8116A)  applies  a  triangular  pulse  to  the  anqtlifier.  The  PIN  detects  the  emitted  ii^  and  the  magnetic 
cuirent  probe  monitors  the  drive  current  from  the  back  N~  contact  These  signals  drive  channels  land2oo 
the  digital  oscilloscope,  respectively,  to  produce  the  L-I  curve.  Threshold  current  and  differential 
efficiency  ate  measured  from  the  L-I  curve.  The  slope  of  the  L-I  curve's  linear  portion  is  the  differential 
efficietKy,  while  the  threshold  current  is  obtained  by  extrapolating  the  linear  portion  back  to  the  current 
axis. 

The  gain  versus  wavelength  measurements  ate  performed  as  follows.  The  input  beam  from  the  Ti- 
Saf^ihire  is  aligned  to  the  input  facet  of  the  amplifier  by  applying  a  revose  DC  bias  to  the  amplifier  (using 
the  source-measure  unit)  and  observing  the  photocurrent  from  the  reverse  biased  junction.  When  the 
photocurrent  r^bes  a  maximum,  the  beam  is  aligned  with  the  input  facet  and  maximum  absorption 
occurs.  Next,  the  input  laser  beam  is  blocked  and  a  single-mode  optical  fiber  probe  is  aligned  with  the 
output  facet.  This  signal  is  maximized  by  applying  a  forward  bias  square  pulse  (using  the  HP  81  ISA)  to 
the  anq)lifier  and  adjusting  the  position  of  the  fiber  until  the  maximum  signal  from  the  photodeteaor 
circuit  is  observed. 

Once  the  fibers  have  been  aligned,  the  optical  gain,  defined  as  the  ratio  of  the  output  Iq^  to  input  Ijj, 
intensities,  is  determined  as  follows. 

1)  The  input  intensity  is  determined  by  measuring  the  photocurrent  J  from  the  amplifier  under  reverse 
bias,  converting  this  number  to  the  amount  of  light  absorbed  in  the  amplifier  and  then  dividing  out  the  facet 
reflectivity  R. 

Jhc 

*“>  =  2enWl 

where  h,  c,  e,  q,  X  are  Planck's  constant,  the  speed  of  light,  the  elementary  charge,  the  quantum  efficiency 
(assumed  equal  to  unity)  and  the  wavelength  of  the  incident  light  respectively.  R  is  a  function  of 
wavelength,  fruet  angle,  and  polarizatioa  For  these  preliminary  measurements,  both  TE  and  TM  laser 
light  was  used  and  R  was  set  equal  to  unity. 

2)  The  output  intensity  is  obtained  from  the  following  equation: 

Iout  =  (P-S-B)K  (7.2) 
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P  is  the  peak  power  density  obtained  from  the  optical  spectrum  analyze'  when  the  amplifier  was  forward 
biased  and  the  laser  light  was  af^lied  to  the  input  facet  S  is  the  peak  powe  density  of  the  q)onumeous 
emission  from  the  amplifie  with  the  same  forward  bias  but  without  the  input  beam.  B  is  the  powe  density 
of  the  light  scattoed  ove  the  side  of  the  lase  into  the  fiber.  K  is  a  calibration  factor  for  the  amount  of 
light  coupled  into  the  fiber  from  the  lasa  amplifier.  To  acquire  this  calibration  factor,  the  emission 
spectrum  through  the  fiber  from  the  amplifier,  which  is  operated  at  a  fixed  DC  current  levd,  is  integrated 
over  wavelength  and  the  resulting  power  is  divided  into  the  power  obtained  by  using  the  wide-area  detector 
in  place  of  the  fiber. 

D.  RESULTS  and  DISCUSSION 

The  setup  in  figure  7.3  acquires  the  data  for  the  L-1  curves  and  saves  it  to  disk  for  analysis.  Figure  7.4 
shows  data  obtained  for  amplifiers  with  two  difierent  angles. 

The  top  L-I  curve  is  for  an  amplifier  with  neariy  perpendicular 
facets;  this  almost  qualifies  as  a  laser.  It  is  easy  to  see  the  sharp 
knee  at  approximately  27  mA;  the  lasing  threshold  for  this 
particular  amplifier.  The  bottom  curve  shows  a  much  more 
rounded  threshold.  Through  extrapolation,  the  threshold 
current  for  this  device  is  44  mA.  The  differential  efficiency  for 
the  top  and  bottom  amplifiers  is  205.5  and  115  mW/A, 
respectively.  This  shows  that  at  higher  facet  angles  the 
threshold  current  increases,  the  threshold  knee  is  less  distinct, 
and  the  differential  efficiency  and  emitted  power  decreases.  This  data  is  quantified  for  the  complete  range 
of  fricet  angles  in  more  detail  below. 


0  0.03  a0«  0.06  OJ0$  0.1 


Drive  Current  (A) 


0  =  7.97° 


Drive  Current  (A) 

Fignre  7.4:  L-I  Curves  for  Amplifiers 
with  0.573°  (top)  and  7.97°  (bottom) 
Facet  Angles 
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The  method  described  above  was  performed  oo  2 
sets  of  40  laser  amplifiers.  Fw  each  set,  a  two  point 
niming  average  was  performed  according  to 

<Jtfa(Qi)>  =  *  2^  (7-3) 

whm  Jtii  is  the  threshold  current  and  Oj  are  the  facet 
angles.  Threshold  current  versus  facet  angle  for  all 


FaoM  Aaglc  (Dc|rMi) 

Figore  7,5:  Laser  Amplifier  Threshold  Current 
vnsus  Facet  Angle 


40  laser  an^lifiers  is  plotted  in  figure  5  and  the 


differential  efficiency  appears  in  figure  7.6.  The  threshold  current  increases  from  about  25  mA  to  nearly 


45  mA  as  the  facet  angle  increases,  whereas  the 
differential  efficiency  is  seen  to  decrease.  Note  the  dip 
in  the  threshold  current  near  7°  and  the  scatter  for  angles 
approaching  17°.  The  difietential  efficiency  increases 
and  then  decreases  over  the  range  of  facet  angles  with  a 
maximum  near  7°. 

Gain  measurements  ate  made  as  stated  in  the 
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Facet  Angle 


experimental  procedures  section.  Figure  7.7  shows  typical  raw  data  used  to  determine  the  gain  of  an 


amplifier.  The  top  curve  shows  the  spectrum  with  the 
amplifier  biased  and  the  input  beam  applied.  These 
data  are  used  to  obtain  P  and  S  in  equation  7.2. 
Essoitially,  the  quantitiy  (P  -  S)  is  the  height  of  the 
spike  on  the  top  curve.  The  bottom  curve  shows  tiie 
input  beam  signal  without  the  amplifier  biased. 
These  data  ate  used  to  determine  the  value  of  B  in 
equation  7.2.  B  is  an  indication  of  the  amount  of 
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FigiiK7,2:  Amplifier  Gain  Measurement 
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input  signal  passing  over  the  top  of  the  amplifier.  These  two  values  are  combined  with  die  fiber  coupling 
calibration  factor,  K,  to  detomine  the  output  intensity.  This  value  is  compared  to  the  input  intensity 
obtained  from  the  photocuirent  measurement  to  determine  the  amplifier's  gain. 


Figures  7.8a,b  show  the  results  of  these  gain  measurements  and  the  insets  show  the  emission  spectra  of 
each  paiticular  amplifier  at  different  DC  current  levels.  Hgure  7.8a  and  b  «e  gr^ihs  of  gain  versus 
wavelength  fm  the  laser  amplifier  with  1.1°  and  6.8°  fscet  angles  respectively.  To  obtain  the  figure,  the 
noise  in  the  raw  data  was  averaged  according  to 


<G(Xi)>  = 


(7.4) 


where  i  labels  the  sequence  of  data  points  taken  by  the  optical  spectrum  analyzer. 


Wavelength  (nm)  Wavelength  (nm) 

Figure  7,8:  Gain  vs.  Wavelength  for  Laser  Amplifiers  with  (a)  1.1°  and  (b)  6.84°  Facet  Angies 
(Insets  show  spectra  at  different  bias  currents  for  each  laser  amplifier.) 


These  gain  curves  are  not  particularly  encouraging;  however,  they  do  display  some  expected 
characteristics.  The  spectra  of  the  smaller  facet  angled  amplifiers  indicates  that  it  lases  with  a  DC  bias  at 
SO  mA.  Also,  the  spectrum  at  SO  shows  the  multimodal  behavior  of  these  20  pm  wide  amplifiers.  The 
amplifiers  with  largCT  angles  do  not  lase  even  at  70  mA.  The  gain  curve  of  the  1.1°  amplifier  shows  a 
slight  anqtlification  with  a  SO  mA  bias  current.’  Both  amplifiers  display  greater  amplification  in  their 
operating  region  of  approximately  84S  to  8SS  nm.  As  expected,  increasing  the  bias  current  increases  the 
gain,  and  larger  angles  provide  less  gain  at  the  same  bias  current 


Tbe  attainable  gain,  thieshdd  cunem,  and  diffeiential  efficiency  are  controlled  by  the 

amount  of  optical  feedback  of  light  in  the  laser  amidifia  due  to  tbe  facets.  In  general,  tbe  attainable  gain 
will  increase  with  decreasing  facet  reflectivity  before  tbe  amplifier  begins  to  osciUate  on  its  own.  Tbe 
threshold  current  should  increase  and  the  differential  efficiency  should  decrease  with  increasing  mirror 
reflectivity^^;  this  is  confirmed  by  tbe  preliminary  data  presented.  The  dip  in  tbe  threshold  current  near  7° 
is  believed  due  to  the  mode  in  the  waveguide  reflecting  once  off  the  ui^rer  sidewall  in  bgure  7.1.  For 
angles  near  17°,  the  spontaneous  emission  in  the  cavity  is  totally  internally  reflected  from  the  facets.  Tbe 
scatter  is  bdieved  due  to  the  fact  that  no  clear  linear  potion  in  the  L-I  curve  was  observed  for  which  a 
reliable  threshold  current  could  be  extrapolated.  The  differential  efficiency  showed  a  rise  as  the  facet  angle 
increased  to  7°  and  then  a  gradual  decrease.  This  behavior  is  in  agreement  with  figure  7.3  in  reference  39. 
E.  CONCLUSIONS 

These  multimode  laser  anqilifias  did  not  perform  as  well  as  expected  with  the  best  attainable  gain  of 
slightly  over  1.  However,  some  generalizadoos  can  be  made  for  future  developments.  Increasing  the  facet 
angle  inhibits  Fabry-Perot  resonance,  causes  a  decrease  in  total  emitted  power,  increases  lasing  threshold 
with  the  exception  of  around  7°  due  to  the  single  reflection  off  the  upper  sidewall,  and  slightly  increasing 
then  decreasing  differential  efficiency.  The  gain  measurements  displayed  increasing  gain  with  decreasing 
facet  angle  and  increasing  DC  bias  current  Tbe  center  of  tbe  gain  curves  is  845  to  855  nrrt 

There  woe  a  number  of  difficulties  during  testing  these  amplifiers  that  tbe  next  fabrication  run  will 
overcome.  The  amplifiers  have  a  multimode  emission.  There  is  the  dip  at  7°  in  tbe  threshold  versus  facet 
angle  plot  It  is  difficult  to  determine  the  amount  of  light  coupled  into  tbe  amplifier  (input  intensity)  and 
the  amount  of  light  passing  over  the  structure  can  cause  erroneous  gain  measurements.  To  eliminate  these 
problems,  tbe  next  round  of  fabrication  will  include  tbe  following  modificaticMis. 

1) 4  pm  wide  active  region  amplifiers  will  provide  single-mode  operatiotL 

2)  Opposing  angled  facets  will  eliminate  the  possibility  of  modes  bouncing  off  the 
upper  sidewall  and  causing  lower  thresholds  at  increasing  facet  angles. 
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3)  Some  amplifiers  will  be  constructed  with  a  90°  bend  to  eliminate  the  coupling  of  the 
input  beam  over  the  top  of  the  device. 

4)  Some  aii^)lifiers  will  have  lasers  integrated  for  the  input  so  that  the  amount  of  light 
coupled  into  the  amplifier  is  easily  determined  by  measure  the  power  out  of  the 

opposite  side  of  the  laser. 

5)  An  atlenqrt  will  be  made  to  AR  coat  integrated  laser  amplifiers  by  depositing  an  AR 
coat  across  the  entire  wafer  and  using  e-beam  lithography  to  define  the  AR  coating  at  the 
facets. 

These  modificatioos  should  prove  to  eliminate  die  majority  of  problems  encountered  during  testing  and 
should  provide  a  mote  accurate  measurement  of  the  amplifiers'  gain. 
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Vm.  A  SQUARE  BROAD-AREA  MULTIPLE  QUANTUM  WELL  LASER 


A  new  single  element  broad  area  laser  has  beoi  designed,  fabricated  and  tested  for  use  as  an  integrated 
optical  memory  dement  or  logic  gale.  The  design  incorporated  a  square  gain  section  and  an  inuacayity 
saturable  absorber  for  each  of  the  two  orthogonal  cavities.  The  devices  lased  in  two  spatially  orthogonal 
modes  which  could  be  independently  modulated  by  the  two  sanirable  absorbers. 

A.  INTRODUCTION 

Broad  area  lasers  to  date  have  consisted  of  devices  with  fsuily  large  length  to  width  ratios.^'^^ 
Recently,  broad  area  lasers  have  been  fabricated  with  a  length  to  width  ratio  of  unity.  With  mirrors  on  ail 
four  sides,  these  lasers  can  operate  in  orthogonal  directions  competing  for  the  same  gain.^ 

These  new  single  element,  broad  area,  semiconductor  lasers  are  suitable  for  optical  memory  elements, 
optical  logic  gates  and  modulators.  Two  variations  of  the  laser  were  designed,  fabricated  and  tested.  One 
laser  consisted  of  a  Gain-Guided  Arrayed  (GGA)  gain  section  and  the  other  had  a  Uniformly  Pumped  (UP) 
gain  secdoa  Primary  attention  focused  on  the  GGA  laser  but  the  results  were  compared  with  those  from 
the  UP  laser.  The  GGA  laser,  shown  in  Fig.  8.1,  is  square  in  shape  with  laser  emission  possible  in  either 
of  two  orthogonal  directions.  Each  of  the  two  orthogonal  cavities  contains  a  saturable  absorber  which  can 
modulate  the  laser  emissioa  A  patterned  Si02  layer  under  the  current  carrying  metalization  on  the  gain 
section  provided  an  Ohmic  contact  and  some  degree  of  gain  guiding  for  both  directions.  The  UP  laser 
does  not  have  the  Si02  on  the  gain  section;  consequently,  that  entire  section  is  electrically  pumped. 

This  publication  consists  of  three  sections.  ’  The  Fabrication  section  details  the  fabrication  process 
used.  The  Expoimental  Result  section  contains  a  discussion  of  the  experimental  procedures  and  results 
for  tests  of  the  laser  and  saturable  absorbers.  The  Discussion  and  Conclusion  section  contains  the  authors' 
interpretation  of  the  results  and  possible  future  work  on  memory  elements. 
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The  devices  were  fabricated  firom  a  GaAs-AlGaAs  graded  index,  separate  confiiiement,  multiquantum 
weU  heterostructure  with  five  quantum  weils.^^  The  main  laser  was  200  X  200  pm  in  area  and  the 
modulators  were  3  X  200  pm.  Shallow  etches  of  3  pm  wide  and  1 .75  pm  deep  through  the  cap  and  half 
way  into  the  AIq  5GaQ jAs  cladding  layers  provided  electrical  isolation  between  the  modulators  and  the 
laser.  The  four  mirrors  were  formed  by  deep  etches  of  4.5  pm.  A  1300  angstrom  Si02  layer  was  used  as 
electrical  isolation  as  well  as  an  etch  retardation  mask  for  the  shallow  etch  process. Isolated  metal  pads 
were  provided  to  supply  external  bias  to  the  modulator  sections.  The  top  P**  Ohmic  contacts  were  made 
by  diffusing  zinc  through  openings  in  the  Si02  layo-  to  the  depth  of  0.3  pm,  evaporating  Ti,  Pt,  Au  over 
the  surface,  and  using  a  liftoff  process  to  remove  regions  of  unwanted  metal.  A  bottom  N'  contact  was 
made  by  depositing  layers  of  Ge,  Ni,  Ag  and  Au  after  lapping  the  bottom  of  the  wafer  so  that  the  total 
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wafer  thidmeit  wu  about  ISO  ixm.  Both  the  P  and  N  Ohmic  .contacts  were  simultaneously  alloyed  prior 
to  cleaving  out  and  testing  the  devices.  Devices  were  patterned  with  both  uniform  gain  over  the  200  |im 
square  region  and  with  the  gain  sectioo  patterned  into  two  intersecting  gain  guided  arrays.  These  arrays 
consisted  of  two  orthogonal  sets  of  seven  IS  pm  wide  guides  oa2S  pm  centers  as  depicted  by  Hg.  8.1. 

C  EXPERIMENTAL  RESULTS 

Lasers  were  tested  for  (1)  the  power  output  vs.  injected  current  (L-I).  (2)  the  mission  spectra,  (3)  the 
divergence  angle,  and  (4)  the  effect  of  the  modulators  on  the  lasing  state  and  the  spectrum.  A  comparison 
was  made  between  the  UP  and  GGA  lasers. 

The  measurements  were  performed  as  follows.  (1)  L-1  curves  were  obtained  by  cleaving  one  of  the 
heterostructures  through  the  deep  etch,  thereby  exposing  one  of  the  facets.  A  fast,  large  area  photo¬ 
detector  was  moved  to  within  O.S  cm  of  the  laser  facet  A  series  of  low  duty  cycle  triangular  current  pulses 
was  applied  to  the  lasers.  The  Hata  was  displayed  as  photodetector  current  vs.  pump  current  on  a  digital 
oscilloscope.  (2)  Optical  emission  spectra  were  obtained  by  angling  an  optical  fiber  with  a  60  pm  core 
just  above  the  deep  etch  and  within  10  to  20  pm  of  the  laser  facet  The  drive  current  consisted  of 
rectangular  current  pulses  with  the  same  temporal  profile  as  those  for  the  L-1  curves.  The  spectrum  of  the 
light  from  the  fiber  was  measured  using  an  Aiuitsu  optical  spectrum  analyzer  set  in  an  averaging  mode.  (3) 
The  divergence  angle  was  obtained  by  placing  a  CCD  camera  next  to  the  laser  with  the  cleave  through  the 
deep  etch.  After  photogr^rhing  the  transverse  nKxie  patient  the  camera  was  displaced  away  from  the  laser 
by  an  additional  5  mm  and  the  pattern  was  again  photographed.  The  separation  of  two  lateral  lobes  was 
then  compared  between  the  two  photographs  to  determine  the  divergence  angle.  (4)  The  effea  of  the 
modulators  on  the  lasing  state  and  spectra  was  obtained  m  a  manner  similar  to  the  emission  spectra  except 
that  the  voltage  on  the  modulators  was  varied. 
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Flgnn  8J:  Pmitteti  optical  power  versus  drive  cunent  for  the  GGA  laser.  The  tangent  line  yields  the  extrapolated 
threshold  current  of  100  mA.  The  inset  plots  show  the  spectra  at  currents  of  100,  ISO  and  200  mA. 

Figure  8.2  shows  the  L-I  curve  for  the  GGA  laser  with  both  modulators  grounded.  The  straight  line 
portion  of  the  graph  yields  a  differential  efficiency  of  0.02  W/A  and  an  extrapolated  threshold  cunent  of 
100  mA.  The  straight-line  construction  for  extrapohuing  the  threshold  cunent  is  also  shown  in  the  .figure. 
The  inset  graphs  show  the  emission  spectra  for  100,  ISO  and  200  mA.  The  emission  is  entirely 
spontaneous  at  100  mA.  For  ISO  and  200  mA,  the  dominant  lasing  mode  occurs  near  86S  nm. 

The  transverse  mode  pattern  was  obtained  as  previously  discussed.  It  showed  many  closely  spaced 
nodal  points  and  yielded  a  divogence  angle  of  30  degrees. 

The  emissitHi  spectra  for  the  GGA  and  UP  lasers  with  drive  currents  of  ISO  mA  were  measured  for 
various  modulator  biases.  The  insets  in  Figs.  8.3  and  8.4  show  the  block  diagram  of  the  broad  area  laser 
with  two  orthogonal  directions  defined.  The  lasor  emission  in  the  forward  direction  of  the  fiber,  denoted 
by  F,  is  coupled  into  the  multimode  fiber  and  nxmitored.  Laser  onission  from  the  orthogonal  cavity, 
denoted  by  X  and  termed  the  crossed  cavity,  is  not  monitored.  The  results  of  varying  the  voltage  Vf  on  the 
modulator  within  the  GGA  laser  appear  on  the  left  side  of  Fig.  8.3.  The  GGA  laser  is  extinguished  in  the 
direction  F  f<v  revose  bias  voltages  Vf  larger  than  -2J  volts.  Aiq>lying  reverse 
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Flgorc&J:  LEFT:  Spectra  for  GGA  User  emission  through  the  sUunbte  absorber  with  vaiiabk  voltage  Vj; 
the  other  saturable  absorber  is  grounded.  Reverse  biasing  Vf  cuts  off  laser  oscillation.  RIGHT:  Specttafor 
GGA  laser  emission  through  the  grounded  saturable  absorb,  the  voltage  on  the  other  saturable  absorber 
varies.  Reverse  biasing  the  spectrum  to  red  shift  and  changes  the  peak  intensity. 
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Figure  &4  LEFT:  Spectra  for  UP  laser  emission  through  the  saturable  absorber  with  variable  voltage  Vf; 
tbe  other  saturable  absorber  is  grounded.  RIGHT:  Spectra  for  UP  laser  emission  through  the  grounded 
saturable  absorber;  the  voltage  on  the  other  saturable  absorber  varies. 

bias  to  the  modulator  in  tbe  crossed  cavity  produces  remarkably  different  behavior  as  shown  in  the 

right  side  of  Fig.  8.3.  The  GGA  laser  generates  stimulated  emission  in  the  F  direction  for  all  values  of 

reverse  bias  V^;  the  intensity  is  maximum  and  tbe  spectrum  is  blue  shifted  for  voltages  near  =  -S. 

Thus,  tbe  forward  cavity  of  the  GGA  laser  produces  peak  emission  when  tbe  stimulated  emission  in  the 

crossed  cavity  falls  off.  In  contrast  to  the  GGA  laser,  reverse  bias  applied  to  either  modulator  of  the  UP 

laser  extinguishes  tbe  laser  oscillation.  The  dominant  mode  is  near  865  nm  for  the  GGA  laser  and  860  nm 

for  the  UP  laser. 

D.  DISCUSSION  AND  CONCLUSIONS 

The  broad  area  lasers  appear  to  lase  simultaneously  in  two  orthogonal  directions  when  the 
modulators  are  grounded.  However,  the  spectra  show  that  tbe  GGA  and  UP  lasers  operate  differently. 
The  fact  that  tiw  GGA  laser  teaches  peak  intensity  in  one  direction  when  the  intensity  in  the  other  direction 


.foils  off  suggests  that  the  emissioo  from  the  two  cavities  can  be  independently  controlled  by  the  two 
modulators;  these  results  imply  that  two  distinct  cavities  exist  for  the  GGA  laser.  For  the  proper  choice  of 
modulatw  bias  voltages,  it  is  possible  to  switch  lasing  directions;  howeva,  latching  was  not  observed. 
The  situation  is  difforent  for  the  UP  laser.  Each  saturable  absorber  affects  the  osdllatioo  in  both 
directions.  Increasing  the  reverse  bias  on  either  modulator  decreases  the  emitted  power  with  negligible 
shift  of  the  opoating  wavelength.  Thus  the  two  cavities  are  coupled.  The  data  suggest  that  two  distinct 
cavities  do  not  exist  few  the  UP  laser  and  that  it  oscillates  in  a  spatial  mode  which,  in  part,  might  consist  of 
a  closed  path  with  near  total  internal  reflection  at  the  four  mirror  focets.  Apparently,  the  geometry  of  the 
wave  guiding  for  the  GGA  laser  suppresses  this  ring  mode.  Both  types  of  lasers  produce  stimulated 
emission  simultaneously  in  the  two  orthogonal  directions  when  the  two .  modulators  are  grounded. 
However,  it  is  yet  to  be  determined  whether  the  GGA  laser  is  randomly  switching  between  two  orthogonal 
spatial  modes  or  if  the  two  modes  use  different  portions  of  the  same  gain  curve  to  sustain  oscillahoa 

The  broad  area  laser  shows  promise  for  use  as  an  optical  memory  element  The  saturable 
absorbers  stabilize  the  switching  of  the  laser  by  providing  bistability  in  the  lasing  characteristics.  Under 
proper  biasing  conditions,  the  saturable  absorber  in  the  path  of  a  laser  beam  is  bleached,  resulting  in  an 
increased  gain  for  that  direction.  The  other  saturable  abstwber  is  highly  absorbing,  resulting  in  a  lower 
gain  frw  oscillation  in  that  directiott  As  a  result,  one  cavity  has  a  higher  Q  than  the  other.  Switching  then 
occurs  by  introducing  light  into  the  cavity  <w  by  changing  the  voltages  on  the  saturable  absorbers.  Such 
behavior  has  been  shown  to  exist  in  the  GGA  laser  but  not  the  UP  design.  Further  work  will  be  required  to 
determine  the  conditions  for  latching. 
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DL  AN  OPTICAL  NOR  GATE  BASED  ON  GaAs-AlGaAsHETEROSTRUCTURE  LASERS 


Tbis  chapter  discusses  the  design,  fabrication  and  test  of  an  optical  NOR  gate  consisting  of  three  GaAs- 
AlGaAs  beterostructure  lasers.  The  lasen  have  etched  ridge  waveguides  and  total  internal  reflection 
mirrors.  Either  of  two  quench  lasers  can  optically  quench  a  main  laser  to  achieve  the  NOR  operation. 
Data  is  presented  for  the  quench  phenomenon  and  for  the  characteristics  of  the  emitted  optical  flux  vosus 
the  injected  current  for  the  main  lasers. 


A.  INTRODUCTION 


NOR  GATE 


Considerable  effort  has  been  invested  in  the 
development  of  optical  logic  gates  and  memory 
elements  for  the  possible  future  development  of 
an  integrated  optical  computer. High  lasa 
threshold  currents  and  the  lack  of  integration 
techniques  have  limited  the  usefulness  of  early 
designs  for  logic  gates  and  memory  elements 
based  on  semiconductor  lasers.  Recent 
developments  in  the  epitaxial  growth  techniques 
for  quantum  well  heterostructures  and  the 
processing  techniques  have  since  made  the  early 
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designs  attractive  for  optical  computing  purposes. 
One  such  device  is  the  optical  inverter  which 
consists  of  semiconductor  laser  diodes  and 
operates  on  the  [vinciple  of  lasa  quenching.^^ 


Figure  9.1:  The  optical  NOR  gate  (top)  and  the  cross 
sectional  view  (bottom)  showing  the  layers  and  the  etch 
depths  for  the  mirrors  and  waveguides.  The  sizes  are  in 
microns. 


An  optical  NOR  gate  (figure  9.1)  has  been  designed,  fabricated  and  tested  which  opiates  similarly  to 
the  optical  inverter.  The  gate  consists  of  three  GaAs-AlGaAs  beterostructure  lasers  which  emit  at  860 


nm.  The  main  laser  can  be  quenched  off  by  either  of  the  two  side  lasers  for  the  NOR  operation.  Each 


quench  laser  is  divitted  into  two  parts  across  the  gain  region  of  the  main  laser  so  that  the  quench  and  main 
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later  cavities  overlap;  tbe  two  halves  of  the  quench  laser  are  elecftically  connected  in  parallel  The  lasers 
eoqtloy  Total  buemal  R^ection  (TIR)  miirors^^  to  improve  the  laser  threshold  cunents  and  decrease  tbe 
pow«'  consumption  of  the  device.  In  principle,  the  reflectivity  of  a  HR  mirror  can  approach  100%  while 
the  etched  flat  minots  can  have  intrinsic  reflectivities  no  larger  than  about  34%.  Tbe  lasers  have  ridge 

t 

waveguides  and  mirrors  which  were  etched  in  a  Chemically  Assisted  Ion  Beam  Etcher  (CAIBE).  The 
inset  to  Figure  10.1  shows  the  various  layen  of  tbe  device  and  the  depths  of  tbe  etch  for  tbe  mirrtMS  and  tbe 
waveguides. 

The  next  three  sections  contain  discussions  of  the  folxication  process,^*^^  expnimental  procedure^^  and 
conclusions. 

B.  FABRICATION 

Tbe  NOR  gates  were  fabricated  from  Graded  Index  Separate  Confinement  Heterostructure  (GRINSCH) 
GaAS'AlGaAs  Multiple  Quantum  Well  wafers  as  described  in  chapter  3.  Tbe  NOR  gates  had  CAIBE 
etched  mirrors  and  ridge  waveguides.  The  main  lasers  were  13  x  85  pm  long  and  the  quench  lasers  were 
about  20  X  200  pirL  Shallow  etches  of  2  pm  wide  and  1.75  pm  deep  into  the  GaAs,  shown  in  the 
expanded  cross  sectional  view  of  figure  9.1,  provi^d  up  to  IKO  of  electrical  isolation  between  the  top 
pads  for  the  lasers.  Tbe  mitrws  were  formed  by  de^  etches  of  4.5  pna.^*^^  An  Si02  layer  was  used  as 
electrical  isolation  as  well  as  an  etch  retardation  mask  for  the  shallow  etch  process.^’^^  Large  metal  pads 
(not  shown)  were  connected  to  the  devices  to  su]^Iy  the  external  bias;  a  layer  of  Si02.  1300  Angstroms 
thick,  electrically  isolated  the  pads  from  the  GaAs.  The  top  F**  and  bottom  N*  Ohmic  contacts'^  were 
made  as  discussed  in  cluqrter  3. 

C  EXPERIMENTAL 

Two  series  of  experiments  woe  performed.  The  first  series  of  experiments  obtained  the  optical  flux 
(L)  from  the  main  lasers  as  a  function  of  tbe  bias  current  (I).  Tbe  main  lasers  were  pulsed  with  5  psec 
wide  pulses,  separated  by  2  msec.  The  pulse  was  approximately  Gaussian  in  the  time  domain.  A  50  O 
sampling  resistor  was  used  to  determine  the  current  Light  escaping  from  the  tip  of  the  main  laser  TIR 
minor  was  coupled  into  a  single  mode  fiber  and  to  a  pin  photodiode  circuit  A  single  mode  fiber,  with  one 
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Old  positioaed  next  to  a  fitoet  of  tfae  main  laser,  routed  tbe  illumioatioa  to  a  pin  photodiode  circuit  The 
second  series  of  experiments  tested  the  laser  quenching  efifect  Again  a  single  mode  fiber  monitored  the 
main  lasCT  response;  this  time  with  both  main  and  side  lasers  being  pulsed.  A  square  pulse  was  ^lied  to 
the  main  lasers  for  10  microseconds.  During  this  time,  a  triangular  pulse  was  synchronously  applied  to  tbe 
quench  lasers  for  10  microseconds.  In  both  cases,  signals  proportional  to  tbe  optical  flux  and  tbe  current 
were  plotted  on  a  digital  oscilloscope. 


Figure  9,2:  Nonnalized  emitted  optical  flux  from  the  main  lasers  of  two  NOR  gates  as  a  function  of  the  current  into 
the  quench  lasers;  the  NOR  gates  have  main  lasers  with  threshold  currents  of  24  and  36  mA.  The  quenching  effect 
was  observed  for  the  36  mA  NOR  gate  with  44,  36  and  66  mA  of  current  in  the  main  laser  and  for  the  24  mA  NOR 
gate  with  70  mA  into  the  main  laser.  The  inset  shows  the  L-I  curves  for  the  main  lasers  in  three  different  NOR  gates: 
the  numbers  next  to  the  shaded  triangles  indicate  the  threshold  currents. 

The  L-I  curves  for  three  difFerent  main  lasers  with  TIR  mirrors  and  etched  ridge  waveguides  appear  in 
the  inset  to  figure  9.2.  Thresholds  of  6,  24.  and  36  mA  were  observed.  The  variation  in  threshold  current 
stems  from  the  variatioa  in  processing  across  tbe  surface  of  the  wafer,  the  lasers  with  the  lowo'  threshold 
currents  most  probably  had  mote  reflective  mirrors.  It  was  conjectured  that  rounding  at  the  tip  of  the 
mirror  increased  the  light  transmitted  through  tbe  mirror,  thus  increasing  tbe  required  threshold  current 
Of  the  NOR  gates  tested,  the  results  from  two  with  differing  threshold  currents  for  the  main  laser  appear 
in  figure  9.2.  The  graph  plots  the  emitted  power  from  the  main  lasa  as  a  function  of  the  current  injected 
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into  one  of  tbe  quencfa  lasm;  the  power  has  been  normalized  to  unity.  The  set  of  three  curves  corre^iood 

to  the  device  with  the  36  mA  threshold  current  for  the  main  laser,  while  the  right  most  curve  conespoods  to 

the  device  with  the  24  mA  threshold  current  Tbe  optical  flux  from  the  6  mA  threshold  device  was  too 

small  fw  accurate  measurements.  The  values  of  the  current  injected  into  tbe  main  laser  parameterize  the 

curves.  Approximately  80%  of  the  optical  power  from  the  main  laser  with  tbe  36  mA  threshold  can  be 

quoidied.  Note  the  linear  decrease  in  main  laser  intensity  as  the  side  laser  current  increases.  Also  note 

that  more  side  laser  current  is  required  for  larger  main  laser  currents  in  order  to  maintain  a  constant  amount 

of  quench.  The  gate  with  the  24  mA  threshold  for  die  main  laser  required  larger  quench  currents  than  the 
% 

gate  with  the  36  mA  threshold  for  the  main  laser;  in  addition,  tbe  main  laser  could  be  quenched  by  no 
more  than  about  S0%. 

The  quenching  cannot  be  attributed  to  electrical  crosstalk  between  the  metal  pads  on  the  F**  side  of  the 
wafer.  Both  the  main  and  side  lasers  must  be  electrically  biased  in  the  same  way.  Tbeiefore,  electrical 
crosstalk  would  cause  the  current  in  one  laser  to  increase  as  the  current  in  the  others  increase.  In  this  case, 
the  power  emitted  from  both  must  increase.  Any  resistance  in  tbe  N*  layer  or  in  the  circuit  connecting  the 
metal  on  the  N'  layer  could  give  rise  to  curves  which  resemble  tbe  quench  curves  of  figure  9.2;  this  N* 
layer  and  its  metallization  serves  as  tbe  common  electrode  for  all  of  the  devices.  An  increase  of  current 
through  the  quench  laser  would  (1)  iiKtease  the  voltage  drop  across  this  common  N*  resistance,  (2)  lower 
the  voltage  across  the  main  laser,  and  therefore,  (3)  lower  the  emitted  irradiance.  But,  based  on  tbe 
doping  level,  the  thickness  of  the  N'  layer,  and  the  device  sizes,  tbe  typical  resistance  in  this  layer  is  on  tbe 
order  of  0. 1  Any  voltage  drop  across  this  resistance  would  be  relatively  small  and  could  not  account 

for  tbe  quench  data. 

D.  DISCUSSION 

The  lasos  with  TIR  mirrors  have  lower  threshold  currents  but  also  lower  differential  efficiency  (dL/dl 
for  I  above  threshold  in  the  inset  to  figure  9.2)  than  similar  lasers  with  flat  etched  mirrors.  Optical  losses 
such  as  scattering  in  the  cavity,  diffraction  and  mirror  transmittance  determine  the  differential  efficiency. 
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and  the  thrediold  cunenL^^  The  diffeiential  efficiency  and  threshold  current  decrease  as  the  quality  of  the 
mirrors  increases. 

The  quench  curves  in  figure  9.2  consist  of  the  Spontaneous  Emission  Region  (SER),  the  Linear  Region 
(LR)  and  the  Saturation  Region  (SR).  The  SER  corresponds  to  side  laser  currents  smaller  than  about  SO 
mA;  this  region  is  due  to  the  lack  of  stimulated  emission  in  the  quench  lasers.  The  irradiance  from  the 
main  laser  can  increase  to  values  larger  than  1  if  the  resistance  between  the  main  and  quench  lasers  is 
sufficiently  small  or  if  the  spontaneous  emission  from  the  quench  laser  aids  the  pumping  of  the  main 
cavity.^  LR  refers  to  that  part  of  the  graph  where  the  irradiance  from  the  main  laser  linearly  decreases. 
For  this  region,  a  photon  from  either  the  quench  or  main  laser  cavity  can  stimulate  the  emission  of  a  photon 
from  electron-hole  recombination  in  such  a  way  that  the  wave  vector  of  this  emission  is  parallel  to  either 
the  quench  or  main  laser  cavity  respectively.^^  However,  above  threshold,  the  photon  density  in  the 
quench  laser  is  linearly  proportional  to  the  quench  laser  pump  current  Thus,  the  probability  of  interaction 
between  the  photons  from  the  quench  lasCT  and  electron-hole  pairs  in  the  common  cavity  increases  linearly. 
As  a  result  the  gain  of  the  main  laser  linearly  decreases  to  a  fixed  value.  Main  lasers  operating  at  higher 
current  densities  require  larger  qumch  laser  currents  to  achieve  the  same  amount  of  quench.  The  SR,  the 
reg  u  where  the  irradiance  saturates,  occurs  for  relatively  large  values  of  the  quench  current  For  small 
common  cavity  volumes,  the  main  laser  cannot  be  quenched  and  the  intensity  of  the  stimulated  emission 
corresponds  to  the  observed  saturation  level.  For  volumes  of  the  common  cavity  sufficiently  large  to 
quench  the  main  laser,  the  observed  saturation  level  is  due  to  the  spontaneous  emission  from  the  main 
laser. 

E.  CONCLUSIONS 

An  optical  NOR  gate  has  been  designed  and  presented  for  use  as  an  optical  logic  element  in  an  integrated 
optical  processor.  The  design  incorporated  TIR  minors.  The  laser  quenching  was  tested  in  logic  gates 
with  coupled  cavities  and  TIR  mirrors.  Further  work  will  be  required  to  satisfactorily  explain  the  larger 
quench  laser  current  required  to  quench  the  main  lasers  with  better  mirrors. 
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X.  AN  OPTICAL  RS  FLIP  FLOP 

We  discuss  the  design,  fabrication  and  test  of  an  optical  RS  Flip-Flop  as  an  integrated  optical  memory 
element  The  Flip-Flop  has  three  GaAs-AlGaAs  heterostructure  lasers  with  total  internal  reflection  mirrors. 
A  main  laser  incorporates  a  saturable  absorber  to  develop  the  bistable  output  charactmistics.  A  pump  laser 
bleaches  the  absorber  to  set  the  logic  1  state.  A  third  laser,  quenches  the  main  laser  to  reset  the  device  to 
logic  0.  Experiments  and  data  for  the  lass'  quenching  were  presented  in  the  previous  cluster.  The 
experiments  and  data  for  the  bistability  are  presented  here. 

A.  INTRODUCTION 

Considerable  effort  has  been  invested  in  the  development  of  optical  logic  gates  and  memory  elements 
for  the  realization  of  an  integrated  optical  computer.^  High  laser  threshold  currents  and  the  lack  of 
integration  techniques  limited  the  usefulness  of  early  designs  for  logic  gates  and  memory  elements  based 
on  semiconductor  lasers.  Recent  developments  in  the  epitaxial  growth  techniques  for  quantum  well 
heterostructures  and  the  processing  techniques  have  since  made  the  early  designs  attractive  for  optical 
conq)uting  purposes. 

An  optical  RS  Flip-Flop  has  been  designed  to  function  as  an  optical  memory  element .  The  flip-flop 
can  be  divided  into  3  functional  blocks  (refer  to  figure  10.1).  (1)  A  main  laser  cavity  contains  gain  and 
satur<Ale  absorber  sections^’'^^’^’^^  which  induce  bistable  output  characteristics;  this  functional  block 
provides  the  logical  0  or  1  state.  (2)  An  external  laser  pumps  the  saturable  absorber  and  sets  the  output  to 
the  logic  1.  (3)  A  second  external  laser  quenches^^’^^  the  main  laser  and  resets  the  output  to  the  logic  0. 
These  lasers  are  monolithically  integrated  on  AlGaAs-GaAs  quantum  well  heterostructure  and  they  emit  at 
860  nM.  The  main  cavity  has  one  Total  Internal  Reflection  (TIR)  mirror^^  and  a  flat  etched  mirror  which 
separates  it  from  the  pump  laser.  Refiections  can  occur  at  the  discontinuity  in  the  index  of  refraction 
accompanying  the  electrical  isolation  between  the  punq)ed  and  unpumped  regions;  thus  the  cut  across  the 
electrode  is  angled  to  inhibit  the  formation  of  a  shorter  cavity  within  the  main  cavity.  The  quench  laser  is 
divided  into  two  parts  across  the  gain  region  of  the  main  laset^^so  that  the  quench  and  main  laser  cavities 
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overlq);  the  two  halves  of  the  quench  laser  are  electrically  connected  in  parallel.  All  four  gain  sections 
have  ridge  waveguides  but  the  voltage  controlled  saturable  absorber  is  unguided  when  it  is  reverse  biased 
The  operation  of  the  flip-flop  depends  on  the  ability  of  the  pump  and  quench  laser  to  set  and  reset  the 
output  state  of  the  main  cavity  respectively.  Figure  10.1  shows  a  qualitative  plot  of  the  intensity  of  the 
light  emitted  from  die  main  laser  versus  the  current  into  the  gain  section.  The  current  in  the  main  laser 
gain  section  is  adjusted  to  point  M  where  the  output  intensity  can  be  in  either  of  two  states.  Assume  that 
initially  the  ouqiut  of  the  main  laser  corresponds  to  a  point  on  the  lower  branch  of  the  hysteresis  loop.  A 
momentary  optical  pulse  from  the  pump  laser  bleaches  the  absorber,  lowers  the  threshold  current  below 
point  M  and,  therefore,  sets  the  output  to  the  upper  branch  of  the  hysteresis  loop.  ■  The  bistable  nature  of 
the  gain-absorber  pair  ensures  that  the  ouqiut  will  remain  on  the  upper  branch  for  times  longer  than  the 
width  of  the  pulse.  When  a  momentary  optical  pulse  from  the  quench  laso-  stimulates  emission  in  the 
common  cavity,  the  wavevector  of  this  stimulated  emission  is  parallel  to  the  cavity  of  the  quench  laser 
instead  of  the  main  laser.  This  process  reduces  gain  in  the  main  cavity,  raises  the  lasing  threshold  current 
and,  thereby,  resets  the  output  of  the  main  laser  to  the  lower  branch  of  the  hysteresis  curve. 


RSFUP-FLC**  HYSTERESIS  LOOP 


CURRENT 


Figure  10.1:  The  RS  Flip-Flop  and  the  hysteresis  in  the  L-I  characteristics.  Scale:  each  section  is  on  the 
order  of  5  x  100  pra. 


Two  of  the  three  functioaal  blocks  of  the  RS  flip-flop  were  Cabiicated  and  tested.  Optical  NOR  gates 
were  fabricated  to  test  tbe  effects  of  quenching  as  discussed  in  the  previous  ch^ter.  Gain  -  absorber  pairs 
were  constructed  to  test  for  the  hysteresis  effects.  Tbe  NOR  gates  had  ridge  waveguides  and  minors  which 
were  etched  in  a  Chemically  Assisted  Ion  Beam  Etcher  (CAIBE).  The  gain  -  absorber  pairs  had  gain 
guided  lasers,  unguided  saturable  absorbers  and  cleaved  minors;  these  devices  woe  constructed  with  a 
variety  of  lengths  for  the  gain  and  absorber  sections.  Both  qumching  and  hystoesis  were  observed 

Tbe  remainder  of  this  cluq>ter  is  divided  into  three  sections:  fabrication,  experimental  and  discussion. 
Tbe  Fabrication  section  briefly  describes  tbe  fabrication  pnxess.^  The  Experimratal  section  contains  a 
brief  discussion  of  the  experimental  apparatus  and  the  results  of  the  hysteresis  experiments.  Tbe 
Discussion  section  contains  the  authors'  interpretation  of  the  data. 

B.  FABRICA’nON 

All  of  the  devices  were  fabricated  from  GaAs-AlQaAs  quantum  well  as  shown  in  chapter  3.  The 
NOR  gates  and  gain-absorber  pairs  fabricated  (refer  to  figure  10.2)  had  CAIBE  etched  mirrors  and  ridge 
waveguides  For  further  information  on  the  fabrication  of  the  NOR  gates,  refer  to  the  previous  chapter. 

The  gain-absorber  pairs  were  fabricated  with  gain-guided  gain  sections  and  unguided  voltage  controlled 
saturable  absorbers.  Tbe  processing  steps  were  the  same  as  for  tbe  NOR  gate  excluding  the  dry  etching 
used  to  delineate  the  waveguides  and  minors.  The  structure  ^rpears  in  flgure  10.2.  Tbe  lengths  in 
microns  of  the  saturable  absorber  and  gain  sections  are  given  by  Lg  s  ISO  SOn  aixl  Lg  =  3S0  -  SOn  for 
the  integers  n  e  [0,3].  These  devices  had  10  pm  wide,  multimode  waveguides. 
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Figure  10.2:  The  components  of  the  RS  flip-flop.  Laser  quenching  was  tested  with  the  NOR  gates.  The 
cross  sectional  view  shows  the  layers  and  the  etch  depths  for  the  NOR  gate.  The  gain  absorber  pairs  had  gain- 
guided  gain  sections  and  unguided  saturable  absorbers. 


C.  SATURABLE  ABSORBER  EXPERIMENTS 

The  saturable  ajbsorber  plays  the  key  role  in  the  RS  flip-flop.  It  must  induce  the  hysteresis  loop  shown 
in  figure  10.1  and  it  must  be  capable  of  being  bleached  by  illumination  from  a  secondary  laser  in  such  a 
way  that  the  main  cavity  begins  to  lase  from  an  initially  off  state.  The  saturable  absorber  experiments 
include  tests  for  (1)  the  hysteresis  induced  in  the  L-I  curve  of  the  main  laser  and  (2)  the  width  of  the 
hysteresis  loop  as  a  function  of  the  applied  volt^e. 

In  one  series  of  experiments,  ridge  guided  gain-absorber  pairs  were  tested  for  hysteresis  in  the  L-I 
characteristics.  These  pairs  included  those  with  (1)  w^  atxl  CAIBE  etched  waveguides,  (2)  various 
lengths  of  gain  and  saturable  absorber  sections  and  (3)  single  and  multimode  waveguides.  Hysteresis  was 
not  observed  in  any  of  the  ridge  guided  devices.  In  anotbo’  series  of  experiments,  hysteresis  was  observed 
in  devices  with  gain  guided  gain  sections  and  unguided  saturable  absorbers;  these  devices  ate  depicted  in 
figure  10.2. 
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Inteosity-Voltage  curves  (L-V)  were  detennioed  for  the  gain  and  saturable  absorber  sections. 
Hysteresis  was  observed  at  peak  current  levels  approaching  400  mA  in  the  gain  section.  The  experimental 
setup  appears  in  the  inset  to  figure  10.3.  A  pulse  Grom  a  function  generator  was  amplified  and  applied  to 
the  gain  section  of  the  laser  cavity.  The  pulse  consisted  of  the  positive  half  of  a  sine  wave  and  was 
generally  IS  ps  long  with  2  ms  between  pulses.  The  saturable  absorber  was  reverse  biased  by  a  DC 
supply.  The  current  injected  into  the  gain  section  was  determined  by  monitoring  the  voltage  developed 
across  a  10  Q  resistor  placed  in  series  with  that  s^tion.  One  end  of  a  single  mode  fiber  probed  the  optical 
emission  from  the  saturable  absorber,  the  other  end  applied  the  optical  signal  to  a  PIN  diode.  The  drive 
voltage  and  P'IN  signals  were  viewed  on  a  dual  trace  digital  oscilloscope  as  ch  1  vs.  cb  2. 


Figure  103:  The  left  side  shows  plots  of  the  timing  relation  between  the  drive  voltage  to  the  gain  section  of  the  gain- 
absorber  pairs  and  the  emitted  irradiance  from  the  pain  the  irradiance  is  shown  for  two  voltages  on  the  saturable 
absorber.  The  middle  panel  shows  the  hysteresis  loop  for  the  emitted  irradiance  vs.  drive  voltage.  The  experimental 
setup  is  shown  on  the  right 

The  results  for  a  Qrptcal  device  a^tpear  in  figure  10.3.  The  vertical  axis  has  arbitrary  units  in  either 
voltage  or  irradiance.  The  left  side  of  the  plot  shows  the  timing  relation  between  the  drive  voltage  to  the 
gam  section  and  the  irradiance  emitted  through  the  saturable  absorber.  The  hysteresis  curves  on  the  right 
hand  side  are  plots  of  the  irradiance  vs.  the  drive  voltage.  The  two  intensity  plots  correspond  to  two 
different  voltages  applied  to  the  saturable  absorber.  The  slight  asymmetry  of  the  drive  voltage  results  from 
the  1-V  and  L-I  characteristics  of  the  laser  diode  as  can  be  seen  by  comparing  the  drive  voltage  curve  to  the 
intensity  curves. 

Of  particular  interest  is  the  hump  on  tlw  right  side  of  the  Vjj|=  0  intensity  plot  Once  the  saturable 
absorber  is  bleached,  it  remains  in  that  state  for  values  of  current  into  the  gain  seaion  which  are  less  than 
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the  initial  threshold  cunent  It  is  this  hump  which  produces  the  upper  hysteresis  loop  in  figure  10.3.  An 
increase  of  the  reverse  bias  vdtage  causes  the  irradiance,  the  width  and  height  of  the  loop  to  decrease. 
The  loops  can  not  be  attributed  to  heating  effects  as  the  system  would  transverse  the  loop  in  a  clockwise 
direction  rather  than  the  counter  clockwise  directioo  observed  for  these  loops.  No  attend  was  made  to 
correct  for  RC  effects  {uesent  which  probably  dominated  beyond  about  -0.6  volts;  these  effects  can  not 
explain  the  loops^^  for  saturable  absorber  voltages  less  than  about  -0.6  volts.  The  Vsas  -1  volt  loop 
appears  to  be  mostly  a  result  of  RC  effects.  We  did  note  that  the  position  of  the  single  mode  fiber  strongly 
influenced  the  shape  of  the  observed  L-I  curves.  We  attributed  this  behavior  to  the  occurrence  of 
bistability  for  only  certain  inodes  present  in  the  multimode  structure. 


Figure  l(k4:  The  width  of  the  hysteresis  loop  as  a  function  of  the  voltage  applied  to  the  saturable 
absorber.  The  effects  of  RC  time  delays  have  not  been  removed  from  the  data  which  probably  dominate 
the  other  effects  in  determining  the  width  of  die  observed  loops  beyond  about  -0.6  volts.  The  inset 
shows  the  experimental  setup  used  to  observe  the  hysteresis  loop. 

The  bistable  characteristics  were  further  investigated.  The  width  of  the  loop  was  plotted  as  a  function  of 
the  voltage  applied  to  the  saturable  absorber  as  shown  in  figure  10.4.  The  width  of  the  loop  changed  by  an 
Older  of  magnitude  fm  a  1.4  volt  change  in  the  volt^e  applied  to  the  saturable  ^sorber.  RC  effects  were 
probably  responsible  for  the  non-linear  portion  of  the  curve  beyond  about  -0.6  volts. 


81 


D.  DISCUSSION 


Hysteiesis  in  the  L-I  characteristics  of  the  gain-absorber  pair  can  be  attributed  to  the  characteristics  of 
the  saturable  absorber.  Below  laser  threshold,  the  saturable  absorber  presents  a  loss  to  the  cavity  which 
sets  the  threshold  current  at  (for  example).  For  currents  just  above  the  pboton  density  abruptly 
jumps  to  the  upper  bratKh  of  the  hysteresis  loop.  Once  the  ou^t  state  of  the  device  corresponds  to  a 
point  on  the  upper  branch,  the  current  can  be  decreased  to  values  somewhat  sooaller  than  J|  widiout 
significantly  affiKting  the  emitted  flux  because,  on  the  upper  branch,  the  saturable  absorber  is  still  bleached 
for  currents  near  J^.  At  some  current  J2  <  Ji,  the  emitted  flux  will  suddenly  transition  to  the  lower 
branch. 

The  hysteresis  loops  present  in  this  paper  ate  believed  to  be  due  to  the  mechanism  described  above. 
In  this  case,  the  voltage  dependence  of  the  loop  width  can  be  attributed  to  the  quantum  confined  stark 
eflecL  The  fact  that  the  hysteresis  was  not  observed  for  saturable  absorbers  with  ridge  waveguiding 
might  be  due  to  relatively  low  intensities  necessary  to  saturate  the  absorption.  The  unguided  saturable 
absorber  sections  would  be  less  likely  to  mask  the  effect  because  the  intensity  of  the  light  in  the  saturable 
absorber  would  be  smaller  due  to  diffraction  effects.  Another  possibility  consists  of  the  self  focusing  of 
the  light  in  the  saturable  absorber  due  to  spatial  hole  burning.^ 

E.  SUMMARY 

An  optical  RS  flip-flop  has  been  designed  and  printed  for  use  as  an  optical  memory  element  in  an 
integrated  optical  processor.  The  design  incorporated  TIR  mirrors,  a  main  cavity  with  a  gain  section  and  a 
voltage  controlled  saturable  absorber,  a  quench  laser  and  a  pump  laser.  Experiments  tested  for  hysteresis 
in  the  L-I  characteristics  of  ridge  guided  single  and  multimode  waveguides  with  negative  results. 
Hysteresis  was  found  in  gain-absorber  pairs  which  had  no  waveguiding  in  the  saturable  absorber.  The 
laser  quenching  was  tested  in  logic  gates  with  coupled  cavities  and  HR  mirrms.  The  effect  of  the  pump 
laser  on  the  output  state  of  the  devices  which  exhibited  hysteresis  was  not  tested. 

The  final  version  of  the  optical  RS  flip-flop  wiU  employ  a  silicon  diffusion  process  to  delineate  the 
waveguides  and  provide  dectrical  isolation  rather  than  the  shallow  etches  presendy  used.  The  electrical 
isolation  between  the  devices  should  increase  to  about  1  MQ  firom  the  present  value  of  300  to  1000  Q. 
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The  poor  electrical  isolatioa  makes  it  difficult  at  times  to  distinguish  between  the  optical  and  ekcthcal 
effects.  The  use  of  this  silicon  diffusion  process  should  dramatically  improve  the  situation.  The  hysteresis 
and  quenching  (riMained  from  these  new  devices  will  be  modeled  and  then  simulated  on  a  computer. 
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XL  MULTIQUANTUM  WELL  PHOTODETECTORS 


Amys  of  niultiquantiim  well  pbotodeteaors  with  various  areas  for  the  active  region  were  monolithically 
integrated  with  lasers,  optical  logic  gates  and  optical  memory  elements.  The  detectors  were  tested  for 
capacitance  as  a  function  of  area,  responsivity  as  a  function  of  wavelength  and  linearity  in  light  intensity. 


A.  INTRODUCTION 


Electro-optic  devices  integrated  onto 
AlGaAs-GaAs  multiquantum  well 
heterostnictuie  used  for  digital  signal 

processing  applications  generally  require 
photodetectors  to  detamioe  the  output  state  of 
the  devices.  It  is  well  known  that 

photodetectors  can  be  monolithically 

integrated  with  lasers  and  waveguides.  The 


WBLLS^ 


Fignrc  11.1:  The  multiquantum  well  photodetector.  A 
square  region  of  the  Si02  is  etched  to  the  heterostiucture 
for  the  Ohmic  contact  with  the  metallization. 


main  thrust  of  this  project  is  to  characterize  the  photodetectors  which  are  monolithically  integrated  with 


other  devices. 


The  characterization  of  the  photodetectors  for  this  chapter  focuses  on  the  scaling  of  capacitance  and 
responsivity  with  the  area  of  the  active  region  of  tire  photodetector.  Figure  11.1  shows  the  structure  of  one 
of  the  photodetectors  in  the  array.  The  five  quantum  well  heterostructure  has  an  Si02  layer  which  serves 
as  a  zinc  diffusion  mask  and  as  electrical  isolation.  The  Si02  is  etched  through  to  the  heterostiucture  so 
that  the  metallization  Ohmically  contacts  the  active  region  of  the  photodetector.  Light  illuminates  the 
detector  on  the  right  band  side.  The  photodetectors  have  active  areas 

RECTANGULAR  W  L  =  100  (75  +  25  n)  hM2  forn  =  0 . 5  (11.1a) 

SQUARE  W L  =  (25  +  25 n)2  hm2  forn=0 . 3  (11.1b) 

and  the  electrical  contact  pads  have  areas  of  about  22  x  10^  pM^. 

The  remainder  of  this  chiq)ter  presents  the  fabrication  process,  the  experiment  and  results  of  the  test  of 
capacitance  aitd  responsivity  as  a  fimction  of  area,  a  discussion  of  the  results  and  conclusions. 
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B.  FABRICATION 


The  photodetectors  were  fobricaied  &om  Graded  Index  Separate  Coofineinnn  Heterostiucture 
(GRINSCH)  GaAs-AlGaAs  Multiple  Quantum  Well  wafers  as  described  in  cluq>ter  3.  The  detectors  had 
CAIBE  etched  facets  shown  on  the  right  side  of  the  device  in  figure  11.1.  An  Si02  htyer  was  used  as 
electrical  isolation  as  well  as  an  etch  retardation  mask  for  a  shallow  etch  {Mocess.  For  the  shallow  etch,  the 
Si02  is  etched  through  to  the  heterostructure  so  that  the  metallization  Ohmically  contacts  the  active  region 
of  the  photod^ector.  Large  metal  pads  were  cormected  to  the  devices  to  siqrply  the  external  reverse  bias; 
the  layer  of  Si02,  1300  Angstroms  thick,  electrically  isolated  the  pads  from  the  GaAs.  The  top  P*  and 
bottom  N*  Ohmic  contacts  were  made  as  discussed  in  chapter  3.  The  detectors  were  epoxied  to  copper 
blocks  with  conductive  epoxy  after  cleaving. 

C.  EXPERIMENTS 

The  capacitance  as  a  function  of  area,  reverse  bias  and  frequency  was  determined  for  the 
photodetectors  as  discussed  in  subsection  1  below.  The  responsivity  as  a  function  of  wavelength  and  the 
linearity  was  tested  for  one  of  the  detectors. 

C.1  Capacitance 

The  capacitance  as  a  function  of 
area,  reverse  bias  and  frequency  was 
measured  for  the  photodetectors  using 
an  HP  4061A  Semiconductor 
Component  Analyzer.  The 

photodetectors  were  mounted  in  a  test 
fixture  and  probed  with  Alessi 
Micropositioning  Probes.  The 
capacitance  between  the  probe  and 
ground  was  d^ermined  to  be  about  100 
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Figure  11,2:  The  frequency  dependence  of  the  cr^>acitance  of 
two  of  the  rectangular  style  photodetectors  with  active  areas  of 
75,000  aixl  100,000  ^M^.  The  photodetectors  were  reversed 
biased  at  -S  volts. 
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{F  and  was  negligible.  Figure  11.2  shows  the  fitequeocy  dependence  of  the  capacitance  for  two  of  the 


rectangular  style  photodetectors  wbrn  were  reversed  biased  at  -5  volts.  For  die  75,000  and 


100.000  active  areas,  there  is  little 
frequency  dqmKlence  over  the  range  of 
10  kHz  to  10  MHz.  Figure  1 1.3  shows 
the  frequency  dependence  of  the 
capacitance  of  the  square  style 
photodetectors  with  active  areas  of  SO, 
75,  150,  175,  200  k  and  reversed 
biased  at  -5  volts.  The  three  curves 


FREQUENCY  (MHz) 


which  rise  as  the  frequency  decreases 
were  on  the  same  piece  of 
heterostructure  while  all  the  othos  were 
on  separate  pieces.  We  believe  that 
poor  mounting  between  the 
photodetectors  and  the  copper  block 
might  account  for  the  low  frequency 
rise.  Figure  11.4  shows  the  voltage 
depoidence  of  two  rectangular 
photodetectors  with  active  areas  of  75 


Figure  11.3:  The  frequency  dependence  of  the  capacitance  of 
the  square  style  photodetectors  with  active  areas  of  50,  75.  ISO, 
175. 200  k  ^M^.  The  photodetectors  were  reversed  biased  at  • 
5  volts. 


-5-4-3-2-10  1 


and  100  k  ^M^;  the  frequency  was  fixed 
at  400  kHz.  The  capacitances  for 
reverse  bias  voltages  are  on  the  order  of 


VCXJIAGE 

Figure  11.4:  The  voltage  dependence  of  the  capacitance  of  two 
of  the  rectangular  style  j^todetectors  with  active  areas  of 
75,000  and  100,000  pM^.  The  frequeiKy  was  fixed  at  0.4 
MHz. 


10  pF.  The  curves  show  the  expected 
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rise  in  ca{)acitance  for  a  forward  biased  diode.  Figure  ll.S  shows  the  voltage  dependence  of  the 
capacitance  of  the  square  style  photodetectors  with  active  areas  of  SO,  75,  ISO,  17S  and  200  k  The 
capacitance  for  reverse  bias  voltages  was  relatively  flat  and  exhibited  the  typical  rise  for  forward  bias. 


-5  -4  -3  -2  -1  0  1 


VOLTAGE 

Figure  11,5:  The  voltage  dependency  of  the  capacitance  of 
the  square  style  photodetectors  with  active  areas  of  SO,  7S,  ISO, 
17S  and  200  k  pM^.  The  frequency  was  fixed  at  400  kHz. 
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Figure  11.6  shows  the 

capacitance  of  the  square 

O 

10 

style  contacts  plotted  as  a 
function  of  area.  The  top 
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and  bottom  lines  represent  Figure  11.6:  Plots  of  the  capacitance  of  the  square  style  photodetectors 

obtained  from  the  flat  portions  of  the  voltage  and  frequency  plots. 

the  capacitances  obtained 


from  the  plots  of  capacitance  versus  voltage  and  frequency  respectively.  The  point  where  the  two  lines 
intersect  the  capacitance  axis  reprint  the  capacitance  Cpj  between  the  probe  contact  pad  and  ground. 
For  the  photodetectors  tested  here,  =  7  pF. 


CJ  Rcsponsivity 

The  linearity  and  responsivity  were  determined  for  a  photodetector  with  an  ^proximate  active  area  of 
iOO  X  100  No  attempt  was  made  to  calibrate  the  amount  of  light  incident  on  the  photodetector  facet 

for  these  ptdiminary  measuremoits.  Both  TE  and  TM  modes  from  an  argon  pumped  Ti-Sapphire  laser 
system  woe  used  simultaneously.  Figure  1 1.6  shows  the  results  of  the  linearity  test 


Figure  11.6:  Plot  of  photocurrent  versus  total  power  in  the  incident  beam  (not 
the  power  incident  on  the  photodetector  facet).  The  bias  was  -S  volts  and  the 
wavelength  of  the  incident  iUumination  was  850.2  nM. 


The  small  dip  in  the  photocurrent  current  near  40  mW  might  be  due  to  drift  in  the  experimental  apparatus. 
Figure  1 1.7  shows  the  preliminary  results  for  the  responsivity  as  a  function  of  wavelength.  Once  again  the 
bias  was  set  at  -S  volts  and  no  attempt  was  made  to  calculate  the  actual  power  incident  on  the  photodeteaor 
facet. 
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Figure  11.8:  Plot  of  response  vs  wavelength.  The  power  actually 
incident  on  the  photodetector  facet  was  not  determined. 

D.  DISCUSSION  AND  CONCLUSIONS 

Preliminary  tests  on  the  integrated  photodetectors  show  that  the  devices  are  promising  for  use  with 
optical  logic  gates  and  memory  elemmits  which  use  nrnltiquanmm  well  heterostructure  lasers.  With 
smaller  probe  contact  pads,  they  can  be  made  to  have  a  relatively  fast  response  time.  The  response  tests 
wiU  require  more  work  especially  to  determine  the  amount  of  illumination  incident  on  the  facet.  For  the 
detectors  to  be  useful,  better  methods  of  electrically  isolating  one  device  from  the  other  must  be  employed. 
To  this  end,  a  lattice  disordering  process  will  be  developed. 
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xn.  AN  ACOUSTO-OPTIC  BISTABLE  SWITCH 


Presented  are  the  results  of  an  investigation  into  the  behavior  of  a  hybrid  optical  switch.  The  device  is 
based  on  Bragg  diflwtion  and  utilizes  an  acousto-optic  modulator  with  an  electronic  feedback  system.  It 
is  analogous  to  an  electronic  Schmia  trigger  circuit  Our  primary  interest  in  the  device  was  its 
characteristics  during  transition  between  sttfele  states.  Transient  behavior  characteristics  predicted  by 
theory  were  verified.  Stable,  bistable  and  periodic  behaviors  were  observed. 

A.  INTRODUCTION 

Optical  bistabUity  has  tecendy  attracted  much  attention.  Devices  based  on  the  phenomenon  are  of 
interest  because  they  will  lead  to  the  developnient  of  optically  operated  switches,  optical  logic  gates, 
amplifies  attd  memories.  I%otonic  switching  elements  have  very  fast  nonlinearities,  in  the  picosecond 
range,  and  an  inherent  ability  for  parallelism,  with  throughput  capabilities  in  terms  of  number  of  spatially 
resolvable  spots.  For  these  reasons,  optical  switches  offer  the  possibility  of  manipulating  optical 
information  at  high  speeds  and  broad  bandwidths.  Another  significant  advantage  is  the  ability  to  operate 
ditecdy  on  a  signal  that  is  already  in  the  form  of  light  Hence,  t^iical  switches  will  be  key  components  for 
optical  conq>uting,  optical  signal  processing  and  beam  shaping.  In  terms  of  technology,  problems  may  be 
approached  optically  feat  may  not  be  solved  otherwise.'^^’^^ 

The  phenomenon  is  of  theoretical  interest  as  well,  due  to  fee  existence  of  optical  chaos,  period- 
doubling  bifurcations  leading  to  chaos,  for  example.  It  is  important  feat  these  regions  of  instability  in 
parameter  space  be  identified,  as  one  may  want  to  either  avoid  these  regions  and  operate  in  a  portion  of  the 
parameter  space  wife  well-behaved,  stationary  conditions  or  use  the  unstable  regions  for  their  self- 
oscillatory  behavior  as  an  optical  clock  generator  for  example.^  ^ 

Not  only  can  such  a  device  be  used  as  an  optical  switch  or  optical  memory  but  it  also  offers  a 
convenient  means  of  verifying  some  of  fee  existing  theoretical  knowledge  te^rding  the  optical  switching 
phenomenon.  In  this  investigation,  stable,  bistable  and  periodic  behaviors  were  observed  which  verifies 
transient  behavior  characteristics  predicted  by  theory. 


The  acousto-opdc  (AO)  bistable  device  is  based  on  the  interaction  of  light  and  sound,  the  underiying 
mechanism  being  the  diffraction  of  a  light  beam  by  an  acoustic  wave.  The  basic  principle  is  shown  in 
figure  12.1.  The  AO  cell  itself  is  driven  with  an  RF  signal.  As  electrical  enagy  is  converted  into  acoustic 
enngy,  an  upward  traveling  pressure  disturbance  is  created.  This  disturbance  produces  regions  of 
conqtression  and  rarefaction  within  the  crystalline  material  of  the  cell.  This  moving,  periodic  variation  in 
density  induces  a  moving  periodic  change  in  the  dielectiic  properties  of  the  material  and  in  the  index  of 
refraction  (the  photoelastic  effect).  A  light  beam  now  incident  on  the  cell  will  be  scattered  under 
interaction  with  the  sound  field  traveling  through  the  cell.  In  this  way  a  traveling  diffi^tion  grating  or 
acoustic  grating  is  created. 

The  basic  scheme  behind  the  experimentation  with  the  device  is  to  enhance  the  nonlinearity  of  the 
transmitting  medium  with  electronic  feedback,  as  described  below.  The  setup  is  shown  in  figure  12.2. 
The  transducer  of  an  AO  cell  is  driven  with  a  signal  generator.  The  light  source  is  a  He-Ne  laser.  The 
device  is  operated  in  the  Bragg  regime.  That  is,  the  incident  light  with  electric-field  amplitude  enters 
at  a  known  angle  Og  and  is  scattered  predominantly  into  two  beams  —  a  zeroth-order  undiffracted  beam 
with  electric  field  amplitude  Eg  and  a  first  order  diffracted  beam  with  amplitude  E].  A  photodetector 
placed  to  receive  the  first  order  light  converts  its  intensity  to  an  electronic  signal.  The  signal  is  then 
amplified  by  passing  it  through  an  amplifier  of  gain  constant  Pg.  The  amplified  signal  is  then  fed  back  to 
the  transduco'  in  unison  with  an  external  bias  voltage  proportional  to  Og.  This  increases  the  strength  of 
the  modulating  signal  which,  in  turn,  increases  the  intensity  of  the  first  order  diffracted  light  thus  forming  a 
positive  feedback  loop.  The  resulting  system  is  bistable.  It  has  nonlinearity  and  feedback.  We  expect  it 
to  exhibit  hysteresis  in  its  input-output  characteristics. 

The  remaindn  of  this  cluster  is  divided  into  4  sections.  The  Principles  of  Operation  section  contains 
a  summary  of  the  diffraction  model.  The  Experimental  section  describes  the  experimental  apparatus, 
equipment  characterization  and  results.  The  last  two  sections  are  the  Discussion  and  Conclusion  sections. 
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Fig  12.1  Basic  Principles  of  AO  Operation. 

(a)  The  incident  light  beam  is  scattered  tinder  interaction 
with  the  sound  &ld  traveling  through  the  cell  (not  drawn  to 
scale).  Constructive  interference  occurs  for  sin  6«  »  X/2  A, 
where  X  is  the  wavelength  of  light  and  A  the  wavelength  of 
sound,  (b)  The  acoustic  wave  changes  the  refractive  index  of 
the  mediom  in  a  periodic  way  so  that  the  plane  optical 
wavefronts  are  phase  rriodulated,  taking  on  the  "wavy” 
appearance  shown  (very  much  exaggerated)  as  they  propagate 
through  the  medium. 
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AO  SWITCH:  PSIHCIPLE  OF  OPESATIOH 


Optical 

Output 


S3  -  Brass 

Eh„  >  inddeat  llslit  field 

E I  •  first-order  diffracted  liglit 

Eg  ■  serotli-order  Cuii}difrracTed  light 


Fig  12.2  Basic  Set-Up  for  Bisubie  Operation. 


B.  PHYSICAL  PRINCIFLES  OF  OPERATION 


Optical  bistability  lefen  to  the  existence  of  two  stable  states  of  an  optical  system  for  a  given  set  of 
input  conditions.  Most  bistable  systems  combine  nonlinearity  with  feedback,  for  example.  Fabiy-Perot 
resonators.  All  exhibit  atoupt  switching  and  hysteresis. 

The  first  step  in  the  analysis  of  the  optically  bistable  system  is  the  calculation  of  the  stationary 
solutions.  One  starts  with  a  model  that  adequately  describes  the  dynamics  of  the  systmn.  With  the  time 
variable  taken  to  be  very  large,  the  stationary  solutions  ate  obtained.  The  stability  against  small 
perturbations  is  then  checked. 

In  the  system  presented  here,  the  dynamics  involve  coupling  matter  to  radiation  and  are  nonlinear. 
The  system  also  has  delayed  feedback,  which  is  added  to  enhance  the  nonlinearity  of  the  interaction.  The 
transient  behavior  of  such  a  system  is  described  by  a  nonlinear  second  order  delay-difieiential  equation.^^ 
The  equation  incorporates  the  AO  interaction  in  the  Bragg  regime,  the  feedback  action  and  the  various  time 
delays  in  the  feedback  circuit 

In  our  modeling  of  the  system,  the  differential  equations  were  converted  to  diflerence  equations  rather 
than  delay-difference  equations.  The  model  allows  for  a  coiiq>arison  of  predictions  and  observations 
regarding  the  onset  of  instability. 

Some  approximatiofis  and  assumptions  have  been  made  regarding  the  transducer  width  and  the  beam 
shape:  the  width  of  the  transducer  is  finite  and  the  beam  is  Gaussian.  This  means  that  other  orders  are 
observed  evoi  when  in  the  ideal  Bragg  regime. 

Following  Korpel^^,  and  more  completely  summarized  in  a  Rome  Laboratory  Technical 
Memorandum  by  Maurice  and  Parker  (published  in  1992),  the  time  indqtendent  dynamics  of  the  AO 
interaction  i»ocess  for  the  ideal  Bragg  tegin»  case  can  be  summarized  by  a  set  of  coupled  differential 
equations: 


dEi  .a 
dw  =‘‘T^ 


(12.1a) 

(I2.1b) 
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wbefe  i  =  w  =  z/L  is  the  nonnalized  distance  in  the  direction  of  light  propagation  through  a  cell  of 
width  L,  Eq(w)  is  the  amplitude  of  dw  zeroth  order  undifGracted  light  field,  E}  is  the  amplitude  of  the  first 
order  diffracted  light  field,  a  =  (ky/2)  L  /CJ  /S/  is  the  sound  induced  peak  phase  delay  encountered  by  the 
light  in  the  acousto  optic  interaction  region  and  is  proportional  to  the  sound  amplitude,  C  is  a  matnial 
constant,  ky  is  the  light  propagation  constant  in  vacua.  S'  is  the  plane  wave  sound  amplitude,  and  L  is  the 
length  of  the  interaction  region  (width  of  the  AO  cell). 

The  exit  diffracted  light  field  has  amplitude  E|,  obtained  by  solving  equation  12.1a  and  12.1b  subject 
to  the  initial  conditions 

Eo  =  EincandEi(0)  =  0 

where  w  =  0  is  z=  0  and  w  =  1  at  z  =  L  as  shown  in  figure  12.1. 

The  solution  for  the  exit  dil^acted  light  in  terms  of  intensity  is 


/Ei/2  =  /Einc/2  sin^C-*^  ^ — *— ) 

and  from  energy  conservation 

/Ei/2  +  /E/2  =  /Einc/2 
where  the  e%ctive  a  is  given  by 


(12.2a) 

(12.2b) 

(12.C) 


oCq  is  proportional  to  the  external  bias  shown  in  figure  12.2  and  the  gain  coefficient,  denotes  the  product 
of  the  gain  constant  Pq  and  the  efficiencies  of  the  photodetector  and  other  equipment. 

Note  that  under  feedback  action,  a  can  no  longer  be  treated  as  a  constant  However,  it  is  acceptable  to 
do  so  during  an  interaction  tinK,  because  the  intersurtion  time  interval,  equal  to  the  laser  beam  width 
divided  by  the  speed  of  sound  in  the  crystal  medium  ( about  0.S  ps),  is  much  snuiller  than  the  response  time 
of  the  photodetector  and  other  delays  in  the  feedback  path  (on  the  order  of  tens  of  microseconds).  In 
effect,  we  assume  that  the  sound  pressure  remains  constant  during  an  interaction  time. 
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Eqnaiioiit  12.2  deicnbe  tte  system  shown  in  figure  12.2.  Tfatee  panmeien  are  involved  /EyggJ^,  a^, 
and  p.  Depending  upon  which  is  varied,  three  modes  of  operation  are  possible,  each  leading  to  bistable 
operatioo:^^^ 

(i)  change  in  the  input  light  intensity 

(ii)  cluu^  in  the  modulator  bias  voltage!  Oq,  and 

(iii)  change  in  the  gain  of  the  feedback  loop  p. 

The  transieot  response  of  the  system  is  studied  by  varying  on  of  the  parameters  above.  In  this 
experiment,  the  modulator  bias  voltage  Og  was  varied,  which  was  equivalent  to  varying  the  input  sound 
intensity.  This  involved  a  minor  change  in  the  figure  12.2  operation  that  incorporates  incremental  oCq. 
Rgure  12.3  shows  the  modified  operation  for  variable  bias  voltage  in  the  feedback  loop.  The  magnitude 
of  Oq  is  our  inpuL  For  a  given  and  Oq  is  to  be  plotted  against  /Ej/^. 

The  equations  are  approximated  by  recursion  relations. 


/Ei(n+iy2*/Einc/2sit 


(12.3) 


Under  feedback  action,  Ej  will  undergo  a  series  of  iterations  corresponding  to  each  updated  value  of  a. 
Note  that  in  the  steady  stale  (n  t^iptoaches  infinity),  equation  12.2a  is  recovered  from  12.3. 

A  similar  expression  can  be  written  for  trips  down  the  hysteresis  loop^^  as  shown  in  figure  1 2.4.  The 
points  along  the  midsection,  between  turning  points  C  and  D,  where  the  S-sbaped  curve,  equation  12.2a, 
folds  upon  itself,  are  unstable  and  unphysical.  The  resultant  curve  is  a  hysteresis  loop  as  shown, 
consisting  of  two  stable  branches,  A-B-C  and  D-E-F,  with  movement  occurring  along  either  the  upper  or 
lower  branch  in  a  counter  clockwise  direction.^^ 

The  onset  of  hysteresis  can  be  predicted.  As  irxlicated  in  figure  12.4,  the  onset  of  hysteresis 
corresponds  to  the  turning  points  C  aral  D  of  the  S-shaped  fimetioo  which  assumes  infinite  gradi«)ts.  To 
predict  where  in  parameter  space  these  points  are,  one  determines  where  in  parameter  space  the  curve 
assumes  infinite  gradients.  The  derivative  of  /E|/2  with  re^wet  to  Oq  defines  the  critical  relationship 
between  the  parameters  of  the  space.  Setting  the  reciprocal  of  this  derivative  to  zero  yields  the  necessary 
expression.  The  results  show  that  for  3  >  P,.  =  2,  die  system  exhibits  bistable  behavior. 
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Fig  12.4  Illustraaon  of  Hysteresis  Loop. 

The  illustration  is  qualitative  only.  The  segment  of  curve 
between  points  C  and  D  represents  instability  and  is 
physically  unattainable. 


The  dynamic  properties  of  the  systmn  can  be  obtained  from  equation  12.3.  By  expanding  the  sine- 
squared  term,  truncating  and  regrouping  the  first  and  second  order  terms,  equation  12.3  can  be  recast  into 
the  standard  form:^^’^® 

Y„+i=(a-bYn)Yo  (12.4) 

where  Yg  =  /Ei(n)/^  ,  a  and  b  are  polynomials  in  the  variables  otg  and  ^  and  Ejg^.  has  been  normalized  to 
unity.  This  is  a  logistic  difference  equation.  In  the  limit  of  b  approaching  0.  for  a  >  1,  it  describes  a 
purely  expcnendal  growth.  For  b  difrerent  from  zero,  however,  the  quadratic  nonlinearity  produces  a 
hunted  growth  curve  much  like  sine-squared  along  an  interval  (such  as  [0,n]),  the  slope  of  which 
corresponds  to  the  sevoity  of  the  nonlinearity  and  is  tuned  by  the  parameter  a. 

By  defining  X  =  bY/a,  equation-12.4  can  be  written  in  its  canonical  form 

Xn-H=aXn(l-Xn)  (12.5) 

It  is  convenient  to  depict  this  graphically  as  shown  in  figure  12.S,  where,  for  particular  a  and  the 
equilibrium  constraint  Xg.^.!  =  Xg,  two  points  of  intersection  exist  corresponding  to  the  existence  of  two 
fixed  points  in  the  behavior  of  the  fimctional  iterates  of  equation  12.S.  Fixed  points  are  possible  constant, 
equilibrium  values  to  which  the  sequence  of  itorues  converges  as  in  figure  12.6.  A  fixed  point  may  be 
stable  (damped  oscillations  when  disturbed  from  equilibrium)  or  unstable  (growing  oscillations).  Stability 
of  the  fixed  point  depends  on  die  slope  of  the  function  at  the  point,  the  test  being  that  the  absolute  value  of 
the  slope  at  the  fixed  point  must  be  less  than  one. 

The  generating  function  for  the  iterates  of  the  quacfradc  map  in  equation  12.S  have  conqilex  analytic 
properties.^^'^^  In  this  form,  however,  it  is  seen  that  the  nonlinear  function  F(x)  =  ax(l-x)  attains  a 
maximum  value  of  a/4  at  x  =  0.5  and  therefore  possesses  nontrivial  behavior  only  if  a  <  4.  Furthermore, 
all  trajectories  are  attracted  to  x  =  0  if  a  <  1 .  Thus,  nontrivial  dynamic  behavior  is  predicted  for  1  <  a  <  4 
only. 

Now  the  two  fixed  points  are  x*  =  0,  which  is  unstable,  and  x*  =  1  -  1/a,  which  is  stable  for  1<  a  <3. 
For  a=  3,  both  frxed  points  ate  unstable,  while  for  3  <  a  <  4,  no  attracting  (stable)  fixed  points  exist.  Thus, 
stable  dynamic  behavior  is  predicted  for  1  <  a  <  3. 
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As  the  relevant  parameters  are  tuned  and  the  function  F(x)  becomes  more  $teq)ly  humped,  the  fixed 
point  X*  s  1  •  1/a  becomes  unstable  (a=3).  Slightly  beyond  the  point  in  parameter  space  where  this  occurs 
(a>3),  two  new  initially  stable  fixed  points  are  bom.  Tuning  the  hump  more  steeply  yet,  each  of  these  two 
points  will,  in  turn,  become  unstable  and  bifurcate,  giving  rise  to  two  more  new  and  initi^y  stable  fixed 
points,  etc.  With  increasing  nonlinearity,  an  infinite  nund)er  of  fixed  points  with  different  periodicity's 
and  an  in^te  number  of  different  periodic  cycles  are  possible.  The  regime  biecomK  chaotic.^^ 

C  EXPERIMENTAL 

The  experimental  setup  is  shown  in  figure  12.7  which  is  essentially  figure  12.3  with  the  various  gains 
and  other. parameters  now  labeled.  Let  l,y,  I  ^  and  I2  represent  optical  powers  in  mW.  Iq  is  proportional  xo 
and  to  lEift-.  The  Iq  beam  (approximately  6.34  mW  at  632  nm)  is  incident  upon  the  AO  cell  at 
approximately  the  Bragg  angle  and  exits  in  two  beams  sqparated  by  twice  the  Bragg  angle.  As  before,  we 
ate  intnested  in  the  first  order  diffracted  beam  I}.  A  0.S1  neutral  density  filter  ND  reduces  1 1  according 
to  I2  =  I[  10*^'^^.  I2  is  detected  by  a  silicon  photodiode  circuit  with  transfer  function  gp  and  converted  to 
the  voltage  V^.  The  RC  combination  that  follows  forms  a  high  pass  filter  with  160  Hz  cutoff  frequency  to 
reduce  the  influence  of  background  illumination.  The  signal  VI  then  niters  a  scaling-summer  circuit 
consisting  of  two  amplifiers  with  variable  gain  and  a  resistor-based  adder  (R]  Jl2’  ^3)  ^  shown  in  figure 
12.8.  The  amplifiers  are  741  op  amps  in  standard  amplifier  configurations;  D1  and  D2,  their 
corresponding  variable  resistors.  The  signal  is  scaled  both  before  and  after  the  summer  with  scaling 
factcm  G}  and  g2,  respectively,  convnting  it  first  to  V2  and  then  to  V4.  The  output  V3  is  obtained  from 
signal  generator  voltage  and  V2  according  to  the  reltdion  V3  =  g;^  -f-  g22-  output  V4  then 
modulates  a  Fluke  6060B  RF  generauw.  Finally,  the  signal  is  amplified  at  the  power  amplifier  by  a  factor 
of  1(X),  and  the  resultant  Vjf  is  sent  to  the  AO  ceil,  which  operates  at  a  40  MHz  center  frequency.  A 
complete  digram  of  both  photodiode  and  scaling-summer  circuits  appears  in  figure  12.8 
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Now  in  Older  to  observe  the  hystnesis  loop,  the  40  MHz  signal  was  amplitude  modulated  with  a  1  kHz 
triangular  waveform  with  peak  to  peak  voltage  of  approximately  4.4  volts.  This  fonns  the  envelope  of  the 
40  MHz  carrier  frequency. 

All  instruments  were  characterized.  These  iiurluded  the  Si  photodiode  circuit,  RF  generator,  function 
generator,  powa  amplifier  and  AO  cell.  Also,  the  scaling-summa  circuit  that  constitutes  was 
characterized  and  aU  equation  verified.  Figure  12.10  shows  the  linearity  test  for  the  pin  diode  circuit 
The  gain  and  linear  region  of  the  RF  generator  and  power  amplifier  were  identified.  These  were  never 
operated  in  a  nonlinear  regime.  The  regime  of  opoation  was  also  carefully  chosen  to  ensure  that  operation 
of  the  cell  remained  along  the  near-linear,  ramping-up  portion  of  the  ceU's  sine-squared  charactoistic. 
That  is,  for  I)  =  Ig  sin^(kVff),  where  the  argument  kV^f  is  the  experimental  equivalent  to  the  aJs  argument 
for  some  constant  k,  operation  of  the  RF  generator  /  power  amplifier  pair  was  chosen  so  as  to  produce  an 
argument  kVjf  confined  to  the  midsection  of  the  interval  (0,]c/2). 

We  then  varied  P,  first  increasing  it  and  then  decreasing  it,  observing  the  transitions  to  bistability  for 
various  values  of  p.  The  value  of  P  was  varied  by  varying  gj,  above.  The  results  appear  in  figure  12. 10. 
We  mention  that,  before  observing  anything,  an  RC  high  pass  filter  was  necessary  between  the 
photodetector  and  scaling  amplifier  circuits,  in  order  to  block  steady  state  currents  and  noise  from  the 
detector.  Otherwise,  the  feedback  signal  was  obscured  and  the  useful  gain  of  the  scaling  amplifier 
hindered. 

The  system  is  described  by  the  set  of  equations; 

l2  =  Ii  10-0-51 

Vi=gpl2 

V2  =  giV, 

^3  =  812  ^^2  +  8Zs  ^s  (12.6) 

V4  =  g2V3 

Vrf=Von+(mV4A^100)] 

Il=IoSin2(kVrf) 
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Tlic  ptioiQgra|ifis  (in  ilie  left  sluiw  iiipui  (a,)  vs.  lime  and  output  ( /*)  vs.  lime  on  the  tame  oscllloicope  trace.  The 
photographs  on  the  right  show  corics|KMKling  Input*  vr. 'Output  plots.  Dehavlor  under  the  minimum  allowable  gain, 
fi  ~  1.3,  is  shown  in  1 1(a),  and  here  the  (Hitpiit  follows  the  input  closely,  in  1 1(b),  the  flnt  bistable  behavior  o(xurs 
for  fi  -  2.8.  1 1(c)  -  1 1(0  show  hcliavuKS  as  fi  is  fiinher  increased.  Maximum  Idsiable  behavior  is  shown  in  I  Kg), 
corresponding  to  fl  =  5  /1  I  hc  rust  slahlc  region  (KyiMid  this  is  shown  in  1 1(h)  where  fi  =  6.2. 


where  k  is  a  parameiBr  associaled  with  the  AO  cdl  and  m,  Vjf,  Voi  and  V|QQ  are  vadabie  associaled  with 
the  fluke  RF  generator  /  power  anq>lificr  pair  defined  as  follows.  The  vwiabie  m  is  the  modulatioa  level 
on  the  Fluke,  adjustable  between  zero  and  one.  For  minimum  distortioii,  m30.21  was  chosoi.  The 
voltage  Vff  is  the  voltage  along  the  envdope  portion  of  the  RF  signal  Vg  is  detomined  according  to  the 
rdation  Vg  s  100(AMPU0.707),  where  the  factor  of  100  arises  from  the  power  anqtlifier  and  AMPL 
refers  to  a  specific  voltage  controF  setting  <mi  the  Fluke.  Given  the  choice  m  =  0.21,  it  was  found  that 
AMPL  s  23  mV  was  optimum.  Thus,  Vg  evaluates  to  3.2V.  Vjqq  is  the  peak  value  of  the  input  voltage 
V4  which  produces  V*  =  0  for  V  the  voltage  levd  depicted  below. 

For  the  equipment  used  in  this 
experiment,  Vjqq  =  2.2  V,  as  it  is  half  the 
maximum  peak-to-peak  vdtage  of  the 
triangular  envdope-  wave.  Finally,  the 
constant  k  was  fiound  by  noting  a  vdtage 
Vgg  such  tiiat  sin^CkVjo)  =  1.  For 

operation  of  the  particular  AO  cell,  it  was  Figure  12.11:  Definitions  for  voltages 
determined  that  k  3  2.2  V"  ^ . 


Equations  12.6  can  be  cornbined  to  give: 

Vrf=^^l  +mg2gj;sVs  +  mgpgi  g2gZs  (12.6a) 

where  from  12.5 

Il  =  IgSiii2(kVrf).  (12.6b) 

Conqiaring  equations  12.6  with  equation  12.2a  yields 

P  =  2 k^m gp gi  g2 gj2+  (12.7) 

We  solve  for  the  remaining  gain  factors  and  substitute  the  results  into  12.7.  To  obtain  a  value  for  gp, 
we  consider  the  current  I  induced  in  the  pin  diode: 
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whne  e  is  the  elementary  charge,  n  =  0,76  is  the  quantum  efficiency  for  Si  at  632  nm,  h  is  Planck's 
constant,  and  c  is  the  speed  of  light  in  vacuum.  The  evaluated  transfer  function  gp  from  equation  12.6  and 
figure  12.8  (R  =  S.l  K  Ohms)  is  then: 

«P  =  ^  =  lf=^  =  2-0V/mW  (12.8) 

This  agrees  very  well  with  experiment,  as  the  linesity  test  on  the  pin  diode,  figure  12.9,  also  yields  a 
transfer  function  equal  to  2  V/mW.  Next,  refeiiing  to  figure  12.8,  the  values  of  g^  and  g2  at  the  observed 
.onset  of  bistability  are: 

gl=2.21  and  g2  =  3.13  (12.9a) 

Finally,  the  adder  with  values  shown  in  figure  12.6  yields 

8Z2  =  8Is=0-5  (12.9b) 

Expression  12.7  can  now  be  evaluated  for  p,..  Recalling  Vq  =  3.2  and  V  jqq  =  2.2,  and  incorporating  the 
values  from  equations  12.8,  12.9  into  12.7  yidds  =  2.8  mW'^.  This  agrees  frivorably  with  the 
theoretically  predicted  value  of  s  2  mW*^.  Poon  and  Gieung^^  report  an  experimental  value  = 
2.52  for  a  similar  setup. 

With  an  increase  in  P  beyond  the  critical  value  of  =  2.8,  the  system  becomes  bistable  and  exhibits 
hysteresis.  Samples  of  this  bdiavior  frn  various  values  of  ^  are  shown  in  figure  12. 10  and  the  following 
remarks  refer  to  photographs  featured  there. 

The  photographs  in  figure  12.10  show  oscilloscope  traces  of  electrical  input  Oq  and  optical  output 
/E}/^  versus  time  on  the  left  and  the  corresponding  input  oLq  versus  output  /Ej/^  curves  (I-O  curves)  on 
the  right  Figure  12.10a  has  the  mininuim  allowable  P  for  our  system  (^=1.3).  The  optical  ouq>ut  signal 
from  the  cell  closely  follows  the  input  and  the  I-O  curve  is  almost  linear.  The  time  delay  due  to.  feedback, 
which  is  apinoximately  20  ps  for  our  system,  gives  rise  to  a  phase  delay  between  the  two  signals.  This  is 
evident  in  the  slight  Lissajous  figure  shown  on  die  right  in  figure  12.10a,  its  width  corresponding  to  the 
delay.  Next  in  figure  12.10b,  P  has  been  increased  to  a  value  of  2.8.  The  output  signal  begins  to  bend 
and  saturate.  It  clips  and  shifts  with  respect  to  the  input  signal,  and  the  previously  smooth  I-O  curve 
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aoqwiies  a  slights  dupe.  Tbe  area  under  the  curve  widns  beyood  the  slight  wkfeb  of  the  Lissajous  figure. 
As  mentkMied  above,  this  marks  the  onset  of  bistability,  the  observed  threshdd  being  With  increased 
P  beyond  the  syston  becomes  bistable  and  exhibits  hysteresis.  Sample  hysteresis  curves  an  shown  in 
figures  12.10c-g.  The  area  under  the  hysteresis  curve  increases  with  increasing  p.  It  was  also  observed 
that  there  is  a  value  of  0  beyond  which  bistable  behavior  ceases.  For  the  setup  presented  here,  this  value  is 
0  s  S.8.  With  a  small  increase  in  P  beyond  this,  however,  anothea  interesting  phenomenon  occurs:  the 
output  signal  undogoes  a  discrete  period  change.  That  is.  the  output  signal  with  a  previous  1  kHz 
oscillation  began  to  oscillate  at  0.S  kHz.  This  is  shown  in  figure  12.  lOh,  where  p  =  6.2.  As  ^  was 
aUowed  to  increase,  many  such  thresholds  woe  crossed  and  higher  order  periods  of  oscillation  were 
observed.  Other  researchers  have  also  observed  similar  oscillations.^  ^  ,52,5849 
In  summary,  the  results  show  that  while  the  input  vmus  output  curve  looks  roughly  linear  for  low  values 
of  p,  it  tends  to  curve  and  saturate  for  values  of  ^  greater  than  P,,.  We  found  a  regime  of  stable,  linear 
tqieration  exists  for  1.3  <  ^  <  2.8,  a  regime  of  bistal^ty  for  2.8  <  p  <  6.2,  and  a  series  of  higher  order 
osdUatory  regimes  for  6.2  <  p.  There  appears  to  be  a  region  5.8  <  p  <  6.2  for  which  there  are  no 
observable  osciUations. 

D.  DISCUSSION 

The  experimental  transients  described  above  compare  well  with  those  predicted  by  equation  12.5.  In 
particular,  the  observed  critical  value,  p^  =2.8  mW~^,  is  well  within  experimental  error  of  the  predicted 
value  Pc  =2  mW'^.  Bistable  and  higher  order  oscillatory  regimes  were  identified  and  discussed  above. 
The  appearance  of  fiequency  locked  phenomena  such  as  bifurcations  is  an  interesting  result  that  may  be 
used  for  an  optical  clock.  Our  expoimental  findings,  in  general,  are  in  good  agreement  with  predicted 
behaviors  and  behaviors  investigated  by  other  researchers. 

We  point  out  that  cextaia  inexact  factors  are  inowporated  in  the  expoimental  formula  for  Pq,  equation 
12.7.  Perhaps  most  noteworthy  are  values  of  the  parameters  k,  Vg  and  that  of  the  attenuation  factor  due  to 
the  neutral  density  filter,  10'^-^^  First,  the  value  of  k  may  be  in  error  as  it  was  difficult  to  determine. 
The  parameter  k  was  detmmioed  by  observing  saturation  in  operation  of  tiie  AO  cell  at  sin^fkV^Qlsl,  or 
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kVjKj  s  k/2.  We  couJd  only  observe  a  saoiratioo  point,  however,  by  increasing  sli^Uy  beyond  it  That 
is,  the  voltage  was  increased  till  saturation  was  observed,  which  means  a  VjjQ  slightly  greater  than 
ideally  desired.  In  this  way,  our  measure  of  might  be  in  error,  and,  because  it  is  linked  to  k,  k  might 
be  in  error  as  well.  Second,  there  is  the  voltage  which  incorporates  the  gain  of  the  power  amplifier 
with  fluctuations  of  10%.  Lastly,  there  is  the  exponential  associated  with  the  neutral  density  filter  -  a 
factor  extremely  sensitive  to  positioning,  with  diifenmces  on  the  order  of  a  db  occurring  regularly  with  use 
of  a  filter  holder. 

E.  SUMMARY 

In  this  memorandum,  the  theoretical  and  experimental  research  in  the  area  of  optical  bistability  has 
been  reported.  The  dynamics  of  an  acousto-optic  device  based  on  Bragg  diffraction  were  investigated. 
The  device  was  modeled  as  a  nonlinear  system  with  delayed  feedback.  The  model  predicted  bistability. 
Bistable  systems  of  this  type  are  characterized  by  the  existence  of  multiple  critical  points  which  mark 
transitions  between  stable  states.  In  our  system,  stable,  bistable  and  periodic  behaviors  were  obsorved,  in 
agreement  with  predicted  bdiaviors,  and  the  observed  threshold  marking  the  onset  of  instability  compared 
well  with  that  predicted  by  theory.  Due  to  a  large  parameter  space,  however,  the  bdiaviors  were  difficult 
to  obtain  and  analyze.  It  was  necessary  to  eliminate  fluctuations  due  to  noise.  It  was  found  that  this  can 
dramatically  alter  the  dynamics  of  die  system  and  preclude  observation  of  the  predicted  behaviors. 
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XDL  AUTOCAD  TO  SYMBAD  CONVERSION  UTILITY 


The  CAD  package  SYMBAD  used  for  the  design  and  fobricatioa  of  microelectroaic  and  optoelectronic 
devices  requires  a  mainframe  computer  and  graphics  workstation.  This  sevoely  limits  the  utility  of  this 
CAD  padcage.  We  have  written  an  MS-DOS  based  utility  called  Autocon,  which  will  translate  AutoCAD 
generated  DXF  files  to  SYMBAD  macro  command  language.  Following  the  design  rules  and  restriction 
listed,  the  us«  can  design  complex  stnictures  on  a  personal  conqHiter  using  AutoCAD,  then  translate  and 
upload  the  file  to  the  main  frame  cmiqxiter  for  use  in  SYMBAD. 

A  INTRODUCTION 

Most  microelectronic  and  optoelectronic  fabrication  work  requires  mask  layout  This  layout  woiit  is 
done  on  CAD  packages  (e.g.  SYMBAD^)  specifically  written  to  support  and  interface  with 
microelectronic  fabrication  equipment  SYMBAD  utilizes  GDS-2,  or  "stream",  which  is  the  most  popular 
of  the  available  industry  standards.  Unfortunately,  the  really  powerful  and  useful  implementations  of  this 
standard  are  only  available  for  use  on  mainframf.  computers.  Aso,  they  can  be  quite  expensive  to  buy  and 
maintain.  A  nure  reasonable  solution  for  optoelectronic  CAD  tasks  is  to  use  programs  available  for  the 
MS-DOS  based  personal  computer  (PC).  The  most  powerful  and  flexible  of  the  PC  based  CAD  packages 
is  AutoCAD^^.  While  being  reasonably  priced  and  possessing  all  the  fimcdonality  required  of  a  micro- 
fabrication  CAD  package,  it  does  not  support  the  GDS-2  data  file  format 

Autocon  is  a  file  format  conversion  utility  written  in  Microsoft  QuickBASIC^  ^ .  This  utility  translates 
AutoCAD  generated  DXF  format  file  so  SYMBAD  macro  command  language.  Once  translated,  the  files 
ouq)ut  by  Autocon  may  then  be  used  to  generate  SYMBAD  drawings.  Thus,  CAD  work  may  be  done  on  a 
PC  using  AutoCAD  and  then  up-loaded  to  a  mainframe  for  use  in  SYMBAD.  This  is  much  cheaper  than 
doing  all  the  CAD  worit  on  a  mainframe  since  there  is  no  user  fee  for  the  PC.  Also,  personal  computer 
availability  is  much  greater  than  that  of  a  mainframe  running  SYMBAD.  Autocon  does  not  perform 
translation  of  SYMBAD  files  to  DXF  format 

This  technical  memo  explains  the  design  and  operation  of  Autocon.  An  example  of  an  actual 
translation  is  given.  Source  code  for  Autocon  is  in  Appendix  A.  It  is  assumed  that  the  user  is  familiar 
with  AutoCAD  and  SYMBAD.  No  knowledge  of  Microsoft  QuickBASIC  is  required  to  use  Autocon. 
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Answm  to  quesdoos  regarding  commands  and  procedures  for  these  commHcial  packages  should  be 
sought  in  the  apprc^niate  manual  or  third  party  lefetence  book. 

B.  AUTOCON  CONVERSION  UTILITY 

Figure  1  shows  the  flow  chart  for  Autocon.  The  user  is  prompted  by  Autocon  to  input  the  required 
file  names.  Once  these  have  been  entered,  the  program  will  proceed  to  translate  the  AutoCAD  file  to 
SYMBAD  macro  command  language,  without  any  further  interaction  with  the  uso.  Autocon  searches  the 
AutoCAD  DXF  file  for  layer  informatioo,  block  information,  and  finally  for  entity  information.  Blocks 
and  entities  are  mote  fiiUy  discussed  later.  When  each  of  these  types  of  information  is  found,  it  is 
translated  and  recorded  in  the  output  file.  All  remaining  information  in  the  AutoCAD  DXF  file  is 
extraneous  and  is  ignored  by  Autocon.  The  AutoCAD  DXF  file  is  not  modified  by  Autocon.  Individual 
parts  of  the  program  will  now  be  discussed. 

The  user  is  requited  to  supply  the  name  of  the  AutoCAD  DXF  file  to  be  translated,  the  name  of  the 
output  file  in  which  the  translation  wUl  be  stored,  the  name  of  the  appropriate  SYMBAD  Ubrary  and  the 
name  of  the  SYMBAD  cell  in  which  the  drawing  will  appear.  The  SYMBAD  library  must  already  exist 
within  the  user’s  mainframe  account  prior  to  executing  the  EXEC  command,  as  described  in  the  Operating 
Procedures  section.  In  SYMBAD,  a  cell  is  a  drawing  file  which  may  contain  several  objects,  contain  other 
cells,  or  be  inserted  itself  into  other  cells  (drawing  files).  The  user  must  be  careful  not  to  use  a  ceil  name 
which  already  exists,  or  the  EXEC  command  will  over  write  the  existing  cell. 

The  bulk  of  the  header  information  supplied  by  Autocon  concerns  identification  of  macro  keys.  The 
user  may  edit  this  information  with  an  ASCII  editor  in  the  translated  file  if  desired.  For  a  permanent 
change  to  the  macro  key  information,  the  source  code  of  Autocon  must  be  changed  and  re-compiled. 
Microsoft  (QuickBASIC  does  not  allow  use  of  double  quotation  marits  (i.e.  ")  within  source  code.  The 
double  quotation  marks  identify  the  presence  of  literal,  string  within  the  program.  One  set  of  double 
quotation  marks  identifies  the  beginning  of  the  U«>':ral  string  and  the  next  set  the  end  of  the  string.  Since 
the  SYMBAD  header  requires  that  double  quotes  be  supplied  as  needed,  double  quotation  marks  must  be 
assigned  to  a  variable  through  the  ASCII  character  identification  function  CT{R$(34).  The  next  to  the  last 
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header  line  allows  for  recording  of  SYMBAD  sy^en  responses  and  can  be  very  useful  for  identifying 
mots  should  they  occur.  The  last  header  line  contains  commands  required  by  SYMBAD  as  discussed  in 
the  SYMBAD  users  manual. 

Both  AutoCAD  and  SYMBAD  require  detailed  information  regarding  each  layer  in  the  cad  drawing. 
The  conversion  utility  seeks  out  this  information  in  the  AutoCAD  generated  DXF  format  file  and  ouq>uts 
the  infonmatioo  in  SYMBAD  command  language  without  any  input  from  the  user.  Autoc(»  first  examines 
the  entire  DXF  file  and  determines  how  many  layers  are  present.  This  information  is  then  printed  on  the 
screen  for  viewing  by  the  user.  Autocon  ignrnes  layer  number  0.  There  is  no  way  to  translate  the  special 
properties  of  this  layer  as  used  in  AutoCAD  to  SYMBAD.  Therefore,  layer  number  0  must  not  be  used 
within  AutoCAD.  The  conversion  utility  next  translates  and  outputs  to  the  macro  file  each  layer  name, 
number  and  color.  Since  AutoCAD  records  layer  color  by  assigning  to  each  color  a  particular  number, 
Autocon  converts  each  layer's  color  number  to  text  for  SYMBAD.  Autocon  only  supports  seven  colors 
and  expects  them  to  be  assigned  as  explained  below.  As  the  information  feu*  each  layer  is  output  to  the 
SYMBAD  macro  file,  it  is  echoed  to  the  screen  for  viewing  by  the  user. 

Drawings  are  stored  in  AutoCAD  as  entities  and  blocks.  An  entity  is  an  individual  object  such  as  a 
rectangle  or  polygon.  A  block  is  a  collection  of  entities  (objects).  As  AutoCAD  drawings  increase  in 
complexity,  blocks  may  be  nested  within  blocks.  Autocon  recognizes  this  and  will  translate  the  drawing 
data  accordingly.  SYMBAD  stores  all  drawing  data  in  ceUs.  A  cell  in  SYMBAD  is  analogous  to  a  block 
in  AutoCAD  and  may  be  nested  in  order  to  construct  complicated  drawings.  Individual  objects  (as  many 
as  desired)  are  stored  in  each  cell.  Autocon  stores  AutoCAD  block  and  entity  information  in  SYMBAD 
cells.  The  conversion  of  nested  blocks  is  handled  by  the  subroutine  ADD.  Entity  conversion  is 
accomplished  by  the  subroutine  POLY.  The  master  (top  level)  cell  in  SYMBAD  may  contain  other 
(nested)  inserted  cells  as  well  as  individual  objects.  Autocon  recognizes  and  translates  AutoCAD  data 
accordingly.  Should  the  user  accidentally  supply  Autocon  with  a  corrupted  DXF  file  containing  no 
drawing  information,  Autocon  will  detect  and  report  this  on  the  screen.  After  all  drawing  information  has 
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been  [Hocessed,  the  conversion  utility  will  report  completion  of  the  convorsion  to  the  us«  on  the  screen 
and  allow  conversion  of  more  files. 

With  the  exception  of  the  usa  supplying  a  bad  DXF  file  name,  all  mors  cause  termination  of 
Autocon.  An  error  reference  number  is  reported  during  the  termination  sequence.  The  QuickBASIC 
manual  lists  the  error  codes  and  gives  the  most  likely  cause.  Supplying  Autocon  with  a  bad  DXF  file 
name  causes  transfer  to  the  part  of  the  program  called  "morhandler”,  which  is  the  last  section  of  code 
before  listing  of  the  subroutines.  The  bad  file  name  error  is  trapped  and  causes  Autocon  to  ask  the  user  for 
a  new  file  name. 

Once  an  AutoCAD  drawing  has  been  gmerated,  it  must  be  prepared  for  conversion  to  SYMBAD 
format  This  is  done  by  using  the  "dxf  out"  command  from  within  AutoCAD.  This  command  Takes  an 
AutoCAD  file  and  converts  it  to  the  DXF  text  format  These  file  types  are  identifiable  by  the  DXF 
extension  AutoCAD  adds  to  the  file  name. 

The  conversion  utility  is  stored  under  the  name  autocon.exe.  The  program  is  started  by  typing 
Autocon  (assuming  that  Autocon  is  in  the  current  directory).  The  program  will  then  type  on  the  screen: 

"Type  the  luune  of  the  AutoCAD  file  you  wish  to  convert" 

"Be  sure  to  include  the  .dxf  extension." 

After  the  user  supplies  the  name  of  the  DXF  file  to  be  converted,  Autocon  will  print  to  the  screen: 

"Type  the  name  of  the  output  file." 

"BE  CAREFUL!" 

"IF  THE  FILENAME  ALREADY  EXISTS,  IT  WILL  BE  OVERWRITTEN!" 

The  output  file  name  supplied  here  will  be  used  from  within  the  prdygon  editor  of  SYMBAD  to  create  the 
actual  SYMBAD  drawing.  The  conversion  utility  next  prompts  the  uso’  for  some  information  required  by 
SYMBAD.  Autocon  will  type  on  the  screen: 

"Type  the  name  of  the  SYMBAD  LIBRARY  file" 

After  receiving  this  information,  Autocon  will  type  on  the  screen: 

"Type  the  luune  of  the  SYMBAD  CELL  file" 
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This  the  last  input  requited  of  the  user  by  Autocoo.  The  conversion  utility  will  thm  inform  the  user  of  the 
number  of  layers  found  in  tfaeDXF  file  and  the.  name  and  color  of  each  layer.  When  conversion  has  been 
completed  Autocon  will  print  on  the  screen: 

”djffile  name  has  been  converted  and  saved  in  SYMBAD  file  output  file  name" 

"Do  yon  wish  to  process  anotlier  file?” 

Autocon  will  return  the  conqputer  to  the  current  directory  after  the  last  DXF  file  had  beoi  processed. 

The  output  files  generated  by  Autocon  must  now  be  placed  in  the  user's  diiectoty  on  the  conquiter 
which  runs  SYMBAD.  File  transfer  may  be  done  by  ftp  between  main  firames,  or  by  direct  up-load  ftom 
an  MS-DOS  computer  which  is  hooked  up  to  the  main  frame  computer.  The  directory  must  contain  the 
SYMBAD  technoloj^  file,  as  discussed  in  the  SYMBAD  user’s  numual.  The  final  steps  of  conversion  are 
accomplished  from  within  the  polygon  editor  of  SYMBAD.  After  starting  SYMBAD,  the  user  types  on 
the  SYMBAD  commaiid  line: 

"EXEC  file  name" 

Rle  name  here  refers  to  the  file  output  by  Autocon.  SYMBAD  will  open  the  file  and  read  each  line.  As 
each  line  is  read,  it  is  typed  on  the  command  line  and  executed.  SYMBAD  may  ask  questions  of  the  user 
just  as  it  does  during  a  normal  session.  For  example,  when  a  new  cell  is  opened,  SYMBAD  will  inform 
the  user  that  the  cell  could  not  be  found  and  will  ask  the  user  if  the  cell  should  be  created.  The  user  should 
answer  yes  to  this  and  should  answer  all  other  questions  as  they  would  be  answered  during  a  normal 
interactive  session.  Should  SYMBAD  come  upon  a  statement  which  requires  the  user  to  decide  whether  to 
abort  or  continue,  continue  should  always  be  selected.  When  SYMBAD  has  EXECed  the  last  line  of  the 
file,  the  entire  drawing  gmerated  in  AutoCAD  should  now  be  in  the  current  open  cell.  All  objects  may 
now  be  manipulated  normally  within  SYMBAD.  A  file  named  "Session,"  which  SYMBAD  generates, 
contains  a  transcript  of  the  entire  on-line  session.  This  file  should  be  examined  if  an  ottHr  occurs. 

SYMBAD  and  AutoCAD  have  same  fundamental  differences  in  operation  and  construction  for  which 
the  conversion  utility  Autocon  carmot  compensate.  A  set  of  restrictions  and  design  rules  must  be  followed 
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by  the  user  in  order  to  prevent  errors  in  translation.  Such  errors  could  result  in  misplaced  objects  in  the 
converted  SYMBAO  drawing  or  other  serious  mistakes.  The  rules  to  follow  are; 

1.  When  a  block  is  defined  in  AutoCAD,  the  x  and  y  values  used  to  define  the  block  insertion  point  must 
cotieqwnd  to  the  set  of  lowest  coordinates  of  all  the  objects  and  insetted  (nested)  blocks  within  the  block. 
This  can  usuaUy  be  accomplished  by  locating  the  lower  left  most  set  of  coordinates  of  all  the  entities  used 
within  a  block  and  designating  that  set  of  coordinates  as  the  block  insertion  point  when  defining  the  block. 

2.  '  Set  the  grid  scale  as  required  from  within  the  SYMBAO  polygon  editor  before  using  the  EXEC 
command. 

3.  Be  sure  to  use  the  following  numbering  convention  for  colors  in  AutoCAD  when  defining  layers: 

1  =red 

2  =  yellow 

3  =  gceen 

4  s  cyan 

5  s  blue 

6  s  magenta 

7  =  white 

4.  The  top  level  (master)  block  in  AutoCAD  should  not  have  any  rotated  objects,  entities  or  block 
insertions.  Each  object,  entity  and  block  needing  rotation  in  the  master  block  should  be  drawn,  rotated, 
defined  as  a  block,  and  then  insetted  into  the  master  block.  This  precludes  a  simultaneous  rotation  and 
insertion  in  the  master  block  which  can  lead  to  translation  errors. 

5.  Do  not  use  the  WRB  feature  of  AutoCAD.  All  block  information  must  be  contained  within  the  file  to 
be  translated. 

6.  Do  not  use  layer  zero  (0)  in  AutoCAD.  This  layo-  has  certain  properties  that  are  not  compatible  with 
SYMBAD  atxl  cannot  be  translated. 

AutoCAD  is  aq>able  of  goierating  CAD  drawings  with  a  level  of  complexity  equal  to  that  of 
SYMBAD.  If  the  design  rules  stated  above  ate  followed,  the  user  should  not  be  restricted  in  terms  of  the 
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level  of  complexity  in  any  particular  drawing.  However,  [uactical  experience  shows  that  a  more  cautious 
approach  should  be  followed.  It  is  best  to  break  up  die  AutoCAD  drawing  into  smaller  logical  units  rather 
than  to  try  and  put  all  die  parts  into  one  massive  drawing.  Each  unit  should  be  assigned  its  own  SYMB  AD 
cell  name,  translated  and  then  assembled  into  the  final  master  cell  within  SYMBAD.  This  way,  an  error  in 
one  part  of  the  drawing  can  more  easily  be  corrected. 

C  SUMMARY  AND  CONCLUSIONS 

A  translation  utility  for  converting  DXF  type  data  files  to  SYMBAD  macro-command  language  format 
has  been  produced  and  tested.  This  translation  utility,  Autocon,  has  been  written  in  Microsoft 
QuickBASIC  for  MS-DOS  based  PCs.  Use  of  this  utility  enables  the  uso'  to  produce  CAD  dies  on  the  PC 
using  AutoCAD,  translate  the  data  files  to  SYMBAD's  macro-command  language,  and  then  execute  the 
translated  files  from  within  SYMBAD.  The  result  is  a  copy  of  the  AutoCAD  drawing  that  is  usable  from 
within  SYMBAD. 

Testing  of  Autocon  has  revealed  that  certain  design  rules  and  restrictions  must  be  followed  from 
within  AutoCAD.  These  restrictions  are  a  result  of  fundamental  differences  between  the  approaches  taken 
be  AutoCAD  and  SYMBAD  with  regard  to  the  handling  of  drawn  objects  and  reference  coordinate 
systems.  It  has  also  been  learned  that  breaking  up  a  complex  drawing  into  several  smaller  units  makes 
error  correction  easier  to  perfotitL  If  the  rules  and  restrictions  are  strictly  adhered  to,  drawings  of  any 
conqrlexity  can  be  translated. 
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XIV.  CONCLUSIONS /SUMMARY 


The  4600P30S  work  unit  presents  some  of  the  devices  necessary  to  develop  an  integrated  optical  signal 
processor.  Such  a  processor  would  have  optical  logic  gates,  memory  elements,  optical  waveguides  to 
interconnect  the  devices,  I/O  devices  and  electrical  bias.  The  noain  {»oblem  with  most  of  the  devices 
presented  in  this  report  is  the  lack  of  gain.  For  without  gain,  the  logic  gates  and  memory  elements  can  not 
be  optically  connected  or  cascaded  with  other  such  devices.  A  follow-on  work  unit  is  in  the  process  of 
demonstrating  a  Configurable  Optical  Gate  with  optical  gain  in  excess  of  20  and  on/off  contrast  ratios 
exceeding  500:1.  A  small  integrated  optical  processor  will  be  demonstrated. 

A  similar  situation  exists  for  the  optical  amplifiers.  They  can  not  be  cascaded  indefinitely  due  to  the 
possibility  of  amplifying  spontaneous  emission.  The  bandwidth  of  the  spontaneous  emission  is  narrow 
compared  with  most  filters  and,  for  a  variety  of  reasons,  present  optical  filters  are  insufficient.  The  work 
in  4600P305  has  demonstrated  that  the  angled  facets  inhibit  lasing  and  increase  the  threshold  current  as  is 
required  for  laser  amplifiers  and  has  resulted  in  a  new  type  of  optical  amplifier  that  includes  an  integrated 
spontaneous  emission  filter.  Such  a  filter  should  eliminate  the  problem  with  cascading.  The  optical 
amplifiers  should  be  cascaded  and  monolithically  integrated  for  many  applications.  One  problem  here  is 
that  the  cavity  facets  need  to  be  Anti  Reflection  coated.  A  follow  on  work  unit  is  developing  a  process  to 
allow  multiple  in-plane  devices  to  be  simultaneously  AR  coated. 

Thus  the  goal  of  a  preliminary  investigation  of  (fevices  to  produce  a  working  optical  signal  processor 
has  been  met  Future  work  will  include  the  new  devices  discussed  above  and  also  the  integration  of 
conventional  electronics.  A  future  optical  processor  will  most  likely  have  multiple  planes  of  devices 
optically  interconnected.  Such  an  architecture  naturally  fiivon  a  Vertical  Cavity  Surfoce  Emitting  Laser 
(VCSEL)  for  the  interconnect  If  each  VCSEL  is  also  used  for  both  interconnect  aixl  logic  functions 
(smart  pixels)  then  the  packing  density  and  throughput  can  greatly  exceed  present  technology.  Work 
units  have  been  developed  to  investigate  these  issues. 
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APPENDIX 

(Note:  Appendices  are  labeled  acoxding  to  their  associated  chapters.) 

APPENDIX  2LA:  Relation  For  Photon  Density.  Minor  Reflectivity,  Iiradiance  and  Rux 
The  powCT  emitted  from  one  of  the  laser  facets  can  be  related  to  the  photon  density  inside  the  laser 
cavity.  Photons  in  the  cavity  travd  in  ether  of  two  directions.  Thus  the  number  striking  a  given  mirror 
per  second  in  each  unit  area  of  the  mirror  is  given  by  (  y/  2  )Vg  where  Vg  is  the  velocity  of  light  in  the  gain 
meditim,  Each  photon  has  the  energy  hcA.  where  c  and  X  we  the  speed  and  wavelength  of  light  in 
vacuum  respectively.  Thus  the  itiadiance  of  light  striking  each  mirror  from  within  the  cavity  is 
(Y  !  2)Vg  hc/X' .  The  irradiance  from  the  laser  facet  If  (Watts/cm^)  and  the  optical  flux  L  (Watts)  are 
given  by 

I,  =  (l-R)  Ic  =  (1  -  R)  jvg  h  J  (2AU) 

(2Alb) 

where  the  reflectivity  R  is  between  0  and  1,  and  is  the  cross  sectional  area  of  the  beam. 


L  =I,Ab  =  Ab(l 


R)( 


APPENDIX  2B:  Relation  Between  the  Miiror  Reflectivity  and  tbe  Cavity  Lifetune 
A  relation  between  the  part  of  tbe  cavity  lifetime  attributable  to  miirors  Dqj  and  the  reflectivity  R  nuist 
be  detennined;  this  can  be  accon^lished  by  considering  a  Fabre-Perot  cavity,  which  has  no  internal  loss, 
with  two  identical  mirron  of  reflectivity  R.  The  relation  between  Dm  and  R  can  be  detennined  exactly^  but 
tbe  solution  to  the  steady  state  form  of  equation  2.2  loses  its  simple  form.  Tbe  exact  relation  between  Dm 
and  R  takes  proper  account  of  the  ptapagadon  delay  between  tbe  two  minors  for  a  given  infinitesimal 
volume  of  optical  energy.  The  actual  photon  density  as  a  function  of  time  can  be  bounded  above  and 
below  by  two  approximate  photon  densities  which  are  based  on  tbe  iqtproximate  relation  between  Dgj  and 
R.'  The  approximate  relation  obtains  by  calculttfing  tbe  optical  energy  remaining  in  the  cavity  at  the  end  of 
each  trip  across  the  cavity  and  then  extending  the  solution  to  imennediate  times.  This  method  takes  into 
account  the  time  required  for  the  optical  energy  to  travd  tbe  length  of  the  cavity  but  the  solution  is  only 
approximate  because  of  the  assertion  that  it  should  hold  for  all  times.  The  second  approximation  for  tbe 
I^Mton  density  -  the  one  which  provides  the  upper  bound  ~  obtains  fiom  the  first  by  taking  R  close  to 
unity  and  then  stipulating  that  the  approximation  hold  for  all  values  of  R.  The  choice  of  tbe  approximate 
relation  between  Dm  and  R  greatly  affects  the  functional  dependence  of  the  differential  efficiency  and.  to  a 
lesser  extent,  the  threshold  current  upon  the  reflectivity.  Tbe  use  of  tbe  two  approximate  relations  between 
Dm  and  R  allows  one  to  bound  the  photon  density  in  tbe  Fal^-Perot  cavity  and  also  bound  the  behavior  of 
tbe  differential  efficiency  and  threshold  current  of  tbe  lasers. 

The  first  approximate  relation  is  found  by  considering  tbe  propagation  of  the  optical  energy  across  the 
Fabre-Perot  cavity.  Tbe  reflectivity  R  takes  on  values  between  0  and  1  and  both  mirrors  are  assumed  to 
have  the  same  reflectivity.  IfUgistheinitialopticalenergy  within  the  cavity  then  UgR™  is  the  energy 


jdter  m  reflections.  Tbe  light  travels  the  length  Lg  of  the  cavity  at  tbe  group  velocity  Vg  so  that  m 
reflections  require  tbe  time  t  =  m(Lg/Vg).  The  expression  for  the  energy  remaining  in  the  cavity  can  then 


be  lewrilten  as  U(t)  s  Ug  R'^  =  Ug  exp  [  - 1  (Vg  /  Lg)  ln(  1/R)  ].  Thus, 

u„  -  ®  " 


(2Bla) 


(2Blb) 
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where  eqiiatioa  2Bla  is  aggintiwd  to  hold  for  all  tiines.  Equation  2Blb  shows  that  higher  reflectivity 
miirors  produce  longer  lifetimes.  For  example,  a  typical  semiconductor  laser  100  pm  long  with 
reflectivities  of  R  s  0.33  for  the  cleaved  minors  and  Vg  =  0.85  x  10^^  cm/sec  will  have  a  mirror  cavity 
lifetiiiie  of  Dgj  s  1  picosecond. 

The  .upper  bound  on  the  photon  density  in  the  cavity  obtains  from  equation  2Blb  by  approximating 
ln(l/R)with(l-R).  The  energy  remaining  in  the  cavity  at  time  t  becomes 


(2B2a) 


Vg  (1-R) 


(2B2b) 


As  an  aside,  equation  2B2  can  be  obtained  directly  from  first  principles  by  applying  the  equation  of 
continuity  to  the  optical  eitergy  in  the  cavity  and  the  energy  flux  through  the  mirrors. 

An  expression  for  the  energy  remaining  in  the  cavity  can  be  found  which  properly  takes  into  account 
the  delay  factor  and  holds  for  all  tiines.  The  expression  is  obtained  by  dividing  the  cavity  energy  into 
infinitesimal  lengths  Ax  along  the  cavity,  calculating  the  loss  of  energy  from  each  infinitesimal  length  at 
the  mirror  in  the  nine  Ax/Vg,  and  then  summing  the  remaining  energy  in  the  infinitesimal  lengths  in  the 
cavity.  The  expression  for  the  remaining  energy  U(t)  is  given  by 

^  =  {  1 .  [  t  -  dKt)  ]  (1-R)  }  R**^!)  (2B3) 

whoe  t  is  in  units  of  L(/Vg  and  <P(t)  is  the  largest  intega  which  does  not  exceed  the  value  of  r.  For 
values  of  t  which  are  multiples  of  L(/Vg  (that  is,  r  is  an  int^er  in  the  previous  equation),  equation  2B3 
reduces  to  equation  2B1.  U(t)  decreases  lineariy  between  these  points. 

The  three  expressions  for  the  photon  density  agree  fairly  well  with  each  other  for  large  values  of  R. 
The  r^rproximations  tend  to  breakdown  for  low  reflectivities.  If,  for  example,  R=0  then  the  cavity  energy 
should  pass  through  the  mirrms  without  any  reflection  and  the  energy  in  the  cavity  should  decrease  linearly 
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to  zero.  Equations  2B1  and  2B3  predict  this  behavior  but  equadon  2B2  predicts  an  exponential  decay. 

Saudi  nonzero  values  of  R  cause  the  optical  energy  predicted  by  equation  2B1  to  be  small  compared  with 

« 

that  predicted  by  equation  2B3  except  for  times  which  are  a  multiple  of  L^Vg.  The  behavior  iq>pears  in 
figure  2B1  for  R=0.1;  the  plot  has  been  normalized  to  unity  at  t=0.  Also  note  that  the  Taylor  expansion 
for  ln(l/R),  equation  2B2  and  curve  2,  yields  a  betta  ai^HOximation  to  the  infinitesimal  volume  approach, 
equation  2B3  and  curve  3.  for  small  times  tlum  does  the  R"^  ^>proximation  in  equation  2B1  and  curve  1. 
Evot  though  the  laser  equations  are 


solved  under  steady  state 


conditions,  which  is 


equivalent  to  finding  the 
solutions  for  very  long 


Q  6 
N 


CURVE  EQUATION 

1  B1 

2  B2 

3  B3 


times,  the  short  time 
behavior  of  the  cavity  loss 


term  in  equation  2.2  can 


not  be  ignored.  The 


irradiaace  at  time  r  can  be 


viewed  as  the  sum  of 


TIME  IN  UNITS  OF  IWg 


Figure  2B1:  A  plot  of  the  normalized  cavity  energy  as  given  by  equations 
2B1.  2B2and2B3forR  =  0.1. 


contributioas  from  photons  produced  in  the  cavity  for  times  earlio’  than  time  t  through  a  convolution 
integral.  Thus  the  iiradiance  has  contributions  from  the  cavity  loss  term  which  encompass  the  short  time 
behavior  discussed  above.  For  reflectivities  above  0.35,  the  equation  2B1  yields  results  well  within  5% 


of  those  frx>m  equation  2B3. 
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APPENDIX  4A:  DISTRIBUTED  IMPEDANCE  MODELS 


A  distributed  impedance  approach  can  also  be  used  to  explain  results  obtained  from  certain  electrode 
geometries.  The  electrodes  shown  in  frgure  4A1  approximate  a  set  of  contacts  fabricated  for  this  study. 
Semiconduaor  lasers  use  a  similar  construction  except  one  of  the  metal  electrodes  would  be  a  very  low 
resistance  one  which  carries  the  current  common  to  all  of  the  devices  on  the  wafer.  The  narrow  metal 
electrodes  have  resistances  on  the  same  order  of  magnitude  as  the  doped  GaAs.  The  voltage  drop  along 
the  metal  electrodes  becomes  significant  at  high  currmits;  this  drop  is  nonlinear  with  the  distance  along  the 
electrodes. 

The  electrode  structures  shown  in  frgure  4A1  can  be  analyzed  by  dividing  the  metal  electrodes  and 
GaAs  into  lengths  dx.  The  structures  are  then  represented  as  the  series  combination  of  resistances  dRjg  for 
the  electrodes  and  the  parallel  combination  of  conductances  dG  for  the  semiconductor.  The  voltages 
V{(x)  and  Vjjfx)  refer  to  the  voltage  of  the  node  at  point  x  on  the  upper  and  lower  branches  respectively. 
The  current  I^Cx)  and  I),(x)  ate  calculated  by  applying  Ohm's  law  to  each  element  dRgj  with  dV^  and  dV|, 
as  the  voltage  drop  between  adjacent  nodes. 


ngure4Al:  .  Two  contact  structures  (left)  and  the  corresponding  discrete  component  circuit  models  (right).  The  top 
and  bottom  circuit  elements  dR  represent  the  infinitesimal  resistances  along  the  metal  pads.  dG  is  the  conductance  of  a 
thin  strip  of  GaAs  between  the  two  pads.  The  contact  resistance  is  included  with  the  dG  term. 
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The  basic  relation  between  resistance  R,  resistivity  p,  length  L  and  cross  sectional  area  A,  namely 

R  =  p  can  be  applied  to  the  metal  electrodes  as  dR^  =  Pm  ^  “  '^m  ^  ***  GaAs  as 

T  dbc  I  dx 

(Kj  =  — =  d“  1”-  The  circuit  equations  and  boundary  conditions  for  the  type  1  and  2  electrode 
pgWg  Kg  L 

structures  ate: 

Type!  Equations 

{4Alb)  dV,  =  -I,(x)dR„, 

(4A2b)  dVh=  Ih(x)dR„, 

(4A3b)  dl,  =  -dG[Vf(x)-Vh(x)) 

(4A4b)  IKx)  =  Ih(*) 

(4A5b)  V„-  VKx)  =  Vh(x) 


Type  1  Equations 

(4Ala)  dV,  =-I,(x)dR« 

(4A2a)  dVh  =  -lh(x)dR„ 

(4A3a)  dit  =  -  dG  [V,(x)  -  Vh(x)l 
dl,  dih 

(“*<•> 


(4A5a)  Vo-  V,(x)  =  Vh(L-x) 


Type  1  Boundary  Couditioiis 

(4A6a)  V^O)  =  Vo 
(4A7a)  Vh(L)  =  0 
(4A8a)  It(L)  =  0 
(4A9a)  Vh(0)  =  0 


Type  2  Boundary  Conditions 
(4A6b)  V,(0)  =  V„ 

(4A7b)  Vh(0)  =  0 
(4A8b)  IKL)  =  0 
(4A9b)  Ih(L)  =  0 


The  circuit  equations  can  be  rewritten  as  first  order,  linear  differential  equations  in  x  as 


Type  1  Equations  Type  2  Equations 

(4A10a)^=-I,^  (4A10b)^  =  -I,^ 

(4A.U)i^-.,!^  (4Anb,^=.,!^ 

(4A12a)*  =  -|;^IV,(x)-Vb(x)l  (4A12b)  *=-J^IVrfx).Vb(x)) 

dlk  ^ 

(4A13a)  (4A13b)  Ih(x)  =  Mx) 

(4A14a)  Vo-  V,(x)  =  Vh(L-x)  (4A14b)  Vo  -  V^x)  =  Vh(x) 
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Eqiutioos  4A3  and  4A12  are  obtained  from  tbe  current  flow  from  the  upper  to  the  lower  branch. 
Equations  4A4, 4AS,  4A13  and  4A14  are  obtained  from  the  symmetry  of  the  circuits. 


Sohitioas  to  Type  1  Equations: 

* 

.. ,  ,  e^l-x/L)  +  eb*^  +  f  (1  -  eb)  X  + 1  -  b  +  (1  +  b)  eb 

Vt{X)  i- 

Vo  “  2  (1  +  eb)  -  b  (1  -  eb) 

(4A15) 

w  -  ebx^  +  f  (1  -  eb)  X  +  1  -  b  +  (1  +  b)  eb 

Vh(x)  L 

Vo  2(i  +  eb)-b(i-eb) 

(4A16) 

Ux)  beb(l-x/L)  -  bebx^  -  b(l -eb) 

Vo^ni^  2(l+e'>)-b(l-e‘») 

(4A17) 

Ik(x)  -beb(l-*^)  +  bebx/L  .  b(l -eb) 

2(l+e«>).b(l-eB) 

(4A18) 

where 

/2R^ 

-w-c 

(4A19) 

Solutions  to  Type  2  Equations: 


eb(i-xA.)^.e-b(i-xyLr 
eb  +  e*b 


Vb(x)  = 


/ 

1  - 
V 


eb(i  -  tul)  c-b(i  -  xfl.)" 

eb  +  e-b 


V  /  2  eb(l  *  x/L)  .  e-b(l  -  x/L) 

Vx) = ib(x) ^  ^ - 


(4A20) 


(4A21) 

(4A22) 


where  b  is  given  by  equation  4A 19.  Figure  4A2  shows  V|(x)  and  It(x)  for  the  two  types. 


X/L  X/L 


Figmc  4A2:  The  voltage  distribution  (top)  and  cunent  distribution  (bottom)  along  the  meta'  electrodes  for  the  type  1 
(left)  and  type  2  (right)  electiode  stnictures.  The  curves  are  parameterized  by  b.  For  the  voltage  plots,  V^lx)  and 
are  the  top  most  and  bottom  most  curves,  respectively.  The  plots  of  the  current  in  the  top  electrode  for  the  type  1 
structure  (bottom  left)  are  represented  by  dashed  lines.  Only  one  set  of  curves  appears  for  the  current  in  the  electrodes 
of  the  type  2  structure  since  ({(x)  and  It,(x)  are  identical. 

These  two  sets  of  solutions  yield  equivalent  input 
resistances  for  the  respective  contact  structure. 

Reff  is  nonlinear  in  the  GaAs  and  metal  resistances  and  it 
is  defined  to  be  Vq  /  lt(0).  Another  quantity  of  interest  is 
the  ratio  of  the  voltage  drop  along  one  of  the  narrow 
metal  electrodes  AV=Vg-V(L)  to  the  voltage  applied 

asi  01  I  a  m  m 

across  the  contact  structure  Vq.  The  two  sets  of 
equations  yiold  the  following  results.  A  plot  of  the 

Figure  4A3:  The  effective  input  resistance  as  a 
effective  resistance  ^q)ears  in  figure  4A3.  function  of  the  metal  and  F**  GaAs  resistance.  The 

top  and  bottom  curves  correspond  to  the  type  1  and 
type  2  structures  respectively. 
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Typel; 


Type  2: 


(4A23a)  Reff 


2 


f  #»b 


eo+ 1 


AV  bCe**-!) 


(4A23C, 

(4A24b)  ^  =  f 


The  distributed  impedance  model  for  the  GLIOO  contact  stnictuies  can  be  summarized  by  figures  4A2 
and  4A3.  Figure  4A2  shows  the  voltage  and  current  distribution  along  the  length  of  the  dectrodes.  As 
the  raitio  of  the  metal  to  GaAs  resistance  becomes  small  (small  values  for  b),  the  voltage  drop  along  the 
electrodes  also  becomes  small.  The  upper  right  graph  in  figure  4A2  shows  that  the  unconnected  ends  of 
the  type  2  metal  electrodes  have  voltages  which  can  be  close  for  large  values  of  b.  As  expected  from  the 
zero  current  boundary  conditions  (Eqs.  4A8a  and  4A8b).  the  current  in  each  electrode  ai^roaches  zero  at 
one  point  along  its  length.  Figure  4A3  shows  that  the  geometry  of  the  structure  has  little  influence  on  its 
total  resistance. 
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Appendix  13^  Autocon  Plt>pwn  t 


DECLARE  SUB  ADD  0 
DECLARE  SUB  POLY  0 

•««***«***********«4t****4i  AUTOOON6.BAS  *♦**•*•**•**•••*•*•♦*•*•**♦*•***'< 
•♦•••The  purpose  of  this  program  is  to  convert  an  Autocad  dxf  fonnat 
'file  to  SYMBAD  macro  command  language.  •*♦♦•***•*•••*•*****♦*♦***•****** 

'•••••  Get  the  name  of  the  Autocad  file  with  the  dxf  extension  to  convert 

start:  'Gmttol  is  passed  to  here  for  successive  runs 

CLS 

COLOR  15,  I 
CLS 

COLOR  15,  1 

PRINT  Type  the  name  of  the  Autocad  file  you  wish  to  convert" 

PRINT  "Be  sure  to  include  the  .dxf  extension." 

INPUT  "",  A$  'A$  »  Autocad  file  name  . 

’•*♦••  Open  the  Autocaddxf  file 

ON  ERROR  GOTO  ertorfaandler  Takes  care  of  bad  filename  error 
OPEN  A$  FOR  INPUT  AS  #1 

'•*••*  Get  the  name  of  the  output  file 
PRINT  "" 

PRINT  Type  the  name  of  the  output  file." 

COLOR  31,  4 
PRINT  "BE  CAREFUL!"; 

COLOR  15,  1 

PRINT  "  IF  THE  FILENAME  ALREADY  EXISTS,  IT  WILL  BE  OVERWRITTEN!!!!" 
INPUT  "",  B$  *8$  *  SYMBAD  file  name 

Get  the  name  of  the  SYMBAD  LIBRARY  file 

PRINT 

PRINT  Type  the  name  of  the  SYMBAD  LIBRARY  file" 

INPUT  "",  c$  'CS  *  SYMBAD  LIBRARY  file  name 

••••••  Get  the  name  of  the  SYMBAD  CELL  file 

PRINT 


AlO 


■PIWIII^PU 


PRINT  "Type  the  name  of  the  SYMBAD  CELL  file" 

INPUT  D$  V$m  SYMBAD  CELL  file  oame 
'****«  Open  the  SYMBAD  output  file 
OPEN  B$  FOR  OUTPUT  AS  #2 

Put  in  SYMBAD  header 
PRINT  #2.  "TRANSCRIPT  OFF 

»  CHIl$(34)  'Q$  «  ”  Thia  is  necessary  for  the  SYMBAD  headn, 

_  and  the  only  way  to  onqnt  a  "  in  QirickBasic 

PRINT  #2.  "DEFINE  KEY  <fl7>  ";  Qfc  "exe  CADMACROS:gs$^";  Q$ 

PRINT  #2»  "DEFINE  KEY  <fl8>  ";  Q$;  "SHOW  UB  CATPCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <n9>  ";  QS;  "CLOSE  CELLSNCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <rl>  ";  Q$;  "VIEW  LEVELS^CR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <i!2>  ";  Q$;  "VIEW  DOWNSSCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <r3>  ";  Q$;  "MAX  VIEW  lEVEUNCR";  Q$ 

PRINT  #2,  "DEFIN  KEY  <i4>  ";  Q$;  "VIEW  LEFITCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <r3>  ";  Q$;  "VISIBLE  LAYERSSFT";  Q$ 

PRINT  #2,  "DEFINE  KEY  <rt>  ";  Q$;  "VIEW  RIGHT5VCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <r7>  ";  Q$;  "VIEW  SCALE  OJS'CR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <r8>  Q$;  "VIEW  UPSNCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <i9>  ";  Q$;  "VIEW  SCALE  2$VCR";  Q$ 

PRINT  #2,  "DEFINE  KEY  <pfl>  Q$;  "POINT  UNSELECTfVCR";  Q$ 

PRINT  #2.  "DEFINE  KEY  <p£Z>  ";  Q$;  "DELETE  SELECIEDS^";  Q$ 

PRINT  #2,  "DEFINE  KEY  <pf3>  ";  Q$;  "MODIFY  OBJECT  SELECTED  SVFT;  Q$ 
PRINT  #2,  "DEFINE  KEY  <pf4>  Q$;  "MODIFY  OBJECT  SSFT;  Q$ 

PRINT  #2,  "TRANSCRIPT  ON" 

PRINT  #2.  TNITIALEE  LIBRARY  c$;  "  BASIC"  'BASIC  is  the  techfflc  name 

<*****  1^  information  in  Autocad  file  and  store  in  SYMBAD  file 
'  Hnd  the  number  of  layers  present 

FOR  I  =  1  TO  10000 

INPUT  #1,  E$  'E$  =  cunent  record  from  Autocad  file 

EF  E$  s  ''EOF  THEN  I  »  10000  'Loop  should  now  be  terminated 

IF  E$  =  "LAYER"  THEN 

INPUT  #1.  E$:  E$  should  =  70 

INPUT  #1,  nl  'nl  should  s  number  of  layers 

PRINT  "The  file  ";  A$;  "  contains  nl  -  1;  "  layers" 

'nl  •  1  «  #  of  layers,  ignoring  layer  0. 

I  »  10000  Terminate  this  loop 
END  IF 
NEXTI  . 

'  *•*♦*  Find  information  for  each  layer  and  store  it  in  SYMBAD  file 

Inum  s  0  'Layer  number  to  be  used  in  DEFINE  LAYER  below 


All 


PRINT  Xayer  infonnation  foUows:" 

FOR  I  «  1  TO  10000 
INPUT  #1.  E$ 

IF  E$  »  "LAYER-  THEN 
INPUT#1,E$  -ES-l 

INPUT  #1«  InaiiieS  InameS  « layer  name  or  number  (if  no  name  was 
'assigned) 

IF  lname$  «  "0"  THEN  GOTO  layend  Ignore  layer  0 

Inum  m  Innm  +  1 

INPUT#1.E$  “ES-TO 
INPUT  #1.  E$  'E$  *  0 
INPUT  #L  E$  *E$  *  d2 
INPUT  #1,  IcolofS  1coloi$  « layer  color  number 
SELECT  CASE  IcolorS  'convert  color  number  to  text  for  SYMBAO 
CASE  "1":  IcolofS  »  "led" 

CASE  "2":  IcolorS  »  "yeUow" 

CASE  •3":  IcolofS  *  "green" 

CASE  "4":  IcolotS  »  "cyan" 

CASE  "5":  IcolotS  *  "blue" 

CASE  "6":  IcolorS  »  "magenta" 

CASE  -7":  IcolorS  »  "white" 

ENDSELECn* 

PRINT  #2,  "DEFINE  LAYER  ";  Inum;  InamcS;  "  IcolorS 
PRINT  "DEFINE  LAYER  Inum;  InameS;  "  IcolorS 
END  IF 

IF  E$  »  -ENDSEC"  THEN  I  =  10000 
layend: 

NEXTI 


••••*•  Convert  Autocad  blocks  to  SYMBAD  cells  **•**••**♦***•****♦•••***** 
FOR  I  «  1  TO  10000  Find  BLOCKS  label  in  Autocad  file 
IF  E$  a  "BLOCKS"  THEN  I  =  10000:  GOTO  stblo 
INPUT  #1,  E$ 
stblo: 

NEXTI 

INPUT  #LE$  'ESaO 

INPUT  #1,E$  'ES  a  ENDSEC  or  BLOCK 

IF  E$  a  "ENDSEC"  THEN  GOTO  entbeg 

blokstar  'Cdntrol  is  passed  to  here  from  loop  below  when  a  . new  block  is 
*'encountmed 
INPUT  #1.  ES  *£$  a  8 

INPUT  #1,  ES  'ES  a  layer  name  -  not  used  here 
INPUT  #1,  ES  'ES  a  2 


AU 


INPUT  #1,  bnainS  tmamS  «  block  name  (SYMBAD  ceU  name) 

PRINT  #2,  "OPEN  CELL  bnamS  'Opens  ceU  for  Stonge 

INPUT  #1.  E$  ■ES  *  70 
INPUT#1.E$  •E$»64 

INPUT  #1,  El$:  INPUT  #1,  xb  'El$  »  10,  xb  »  base  poim  x  coordinate 
INPUT  #1,  El$:  INPUT  #1,  yb  'El$  »  10,  yb  «  base  pmnt  y  coordinate 
INPUT  #1,  El$  *£1$  -  0 

FOR  I  «  1  TO  10000  'Get  information  idxMU  each  Autt)cad  entity 
INPUT  #1,  E$ 

SELECT  CASE  E$ 

CASE  TOLYUNE" 

CALL  POLY 
'PRINT  #2, 

CASE  INSERT" 

CALL  ADD 

CASE  "BLOCK":  I  *  1000:  GOTO  blokstar 

CASE  "ENDSEC":  I  »  10000:  GOTO  endblo  'no  more  blocks 

CASE  "ENDBLK":  PRINT  #2,  "CLOSE  CELL" 

END  SELECT 
endblo: 

NEXTI 

Find  ENTITIES  information  in  Autocad  file  and  store  in  SYMBAD  file 


entbeg: 

FOR  I  »  1  TO  10000  Find  ENTITIES  label  in  Autocad  file 
IF  E$  *  "ENTITIES"  THEN  I  «  10000:  GOTO  stem 
INPUT  #1,  E$ 

IF  E$  *  "EOF  THEN 

PRINT  "EOF  encountered  while  searching  for  ENTITIES." 

PRINT  "Program  terminated" 

END  Terminate  program  since  no  ENTITIES  were  found 
END  IF 
stent: 

NEXTI 

PRINT  #2,  "OPEN  CELL  ";  D$  'Opens  master  cell  for  entities 
lent  3  0  'counts  the  number  entities  as  they  are  encountered 
FOR  I  s  1  TO  10000  'Get  information  about  each  Autocad  entity 
INPUf’  #1,  E$ 

SELECT  CASE  E$ 

CASE  "POLYLINE" 


CAUL  POLY 
PRINT  #2. 

CASE  TNSERr: 

CALL  ADD 

CASE  "ENDSEC:  I »  10000:  GOTO  endent.  'no  mare  entities 
END  SELECT 

NEXTI 

PRINT-" 

PRINT  AS;  "  has  been  convened  and  saved  in  SYMBAD  file  BS 
PRINT 

PRINT  "Do  you  wish  »  process  another  file  T 
ANSS  -  INPUTSd) 

SELECT  CASE  ANSS 
CASE  -y".  -Y- 
GOTO  start 
.  END  SELECT 
END 

'error  handling  routine  to  take  care  of  a  bad  file  name 
'all  ocher  ecxon  cause  program  termination 
ertofhandlen 
IF  ERR  »  53  THEN 
PRINT 

PRINT  Tile  AS;  "  not  found." 

INPUT  "Enter  die  file  to  process:  ",  AS 
RESUME 

ELSE  'an  unrecoverable  error  has  occuied,  {ffint  message  and  abort 
PRINT  "Unrecoverable  error  ";  ERR 
ON  ERROR  GOTO  0 
END  IF 

SUB  ADD 

INPUT  #1,ES  *£$*8 

INPUT  #1,  ES  TS  *  layer  name  •  not  used  here 
INPUT  #1,  ES  TS  *  2 

INPUT  #1,  cnamS  'cnamS  «  SYMBAD  cell  name,  to  be  inserted  in  present  cell 
FOR  I  »  1  TO  10000  'Extract  rotation  and  nnildple  insertion  information 
INPUT  #1,ES 
SELECT  CASE  ES 
CASE  "10" 

INPUT  #1,  xi  'x  '  coord  insertion  point 
CASE  "20" 

INPUT  #1,  yi  'y  -  coord  insertion  point 
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CASE  "S(r  'raaiioQ  aagle  follows 

INFirr  #1.  mg  Imig  •  rotstioo  aa^ 

CASE  ”70"  'nmbqde  cotumn  inserdon  infonnitiao  follows 
INPUT  #1,  iM^  'nccri  «  mnifoer  of  columns  to  be  insested 
CASE  ”71”  'multiple  row  inseitioa  infonnatioa  follows 
INPUT  #l«  nrow  'mow  «  number  of  rows  to  be  inserted 
CASE  "44” 

INPUT  #1;  cspic  'cspac  «  column  spacing 
CASE”4r 

INPUT  #1*  rspac  'ispac  «  row  spacing 
CASE  ”0”  1401  piece  of  data  for  dus  insertkxi  has  been  reached 
I -  10000 
CASE  ELSE 

INPUT  #1,  E$:  INPUT  #1.  E$  'Get  past  unused  data 
END  SELECT 

NEXTI 

PRINT  #2,  "ADD  ARRAY  cnamS; 

PRINT  t2,  "/ROTATE-”;  rang; 

PRINT  #2,  "/XANCHOR-LEFT/YANCHOR-BOTTOM”; 

IF  nrow  >  0  THEN 

PRINT  #2.  ”/ROW«";  nrow; 

ELSE 

PRINT  #2,  "/ROW-1”; 

END  IF 

IFncol>OTHEN 

PRINT  #2.  "/COLUMN-";  ncol; 

ELSE 

PRINT  #2,  "/COLUMN-1"; 

END  OF 

IF  nrow  >  0  THEN  PRINT  #2,  "/YDISPLACE-";  rapac; 

IF  ncol  >  0  THEN  PRINT  #2.  "/XDISPLACE-";  cspac; 

PRINT  #2,  "/VIEWPORT-1  (";  xi;  yi;  ")" 

END  SUB 

Extracts  Polygon  information  from  Autocad  and  prints  it  to  SYMBAD  file 
SUB  POLY 

INPUT  #1,E$  E$-8 
INPUT  #1,  InameS  layer  name 

PRINT  #2,  "ADD  POLYGON  ";  InameS;  "/M<M5E»ALLANGLE/VIEWPORT=l" 
verc  -  0  'vertex  counting  variable 

FOR  J  -  1  JO  10000  Extract  vertex  information  and  test  for  SEQEND 
INPUT  #1.E$ 

OF  E$  -  "70"  THEN 

swiKh  -  1  'switch  -  1  -  closed  polyline,  last  point  printed  to  #2 
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•puMt  duplicate  first  point 
tjec  first  vertex,  prim  to  #2,  then  store 
INPUT  »1.E$  'ES-l 
INPUT «!.£$  'E$»0 
INPUT  «!.£$  'E$»VERTBX 
INPUT  «1,E$  'E$«8 
INPUT  #1,  InameS  InemeS  « layer  nam^ 

INPUT  «1,E$  *£$-10 
INPUT  #1,  xl  Vertex  x-coonfinate 
INPUT #!.£$  'E$»20 
INPUT  #1,  yl  Vertex  y^cooedinate 
PRINT  #2,  "  (";  xl;  yl;  ")  "; 

END7 

IF  E$  «  "SEQEND"  THEN 
J«  10000 

IF  switch  *  1  THEN  PRINT  #2,  "  (";  xl;  yl;  *0 
PRINT  #2.  ";•* 

GOTO  verend 

END  IF 

IF  E$  -  "VERTEX"  THEN 

'verc  «  verc  'f  rinoement  vertex  count 

INPUT«1.E$  'E$»8 

INPUT  #1,  InameS  InameS  « layer  name 

INPUT  #1,E$  -ES-IO 

INPUT  #1,  X  'vertex  x-coordinate 

INPUT#1,ES  'ES*20 

INPUT  #1,  y  'vertex  y-coondinate 

PRINT  #2,  "  (";  x;  y;  ")  "; 

END  IF 
veiend: 

NEXT! 

•PRINT  #2,  "ADD  POLYGON  InameS;  "/MODE*ALLANGLE/VIEWPORT=l 
•pRINT#2,"(";x(l);y(l);'0"; 

•FOR  J  *  2  TO  verc  -  1 

PRINT  #2,  "  (";  x(J);  y(J);  ")  "; 

'NEXT! 

•PRINT  #2,  "(";  x(verc);  y(veic);  ");" 

END  SUB 
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